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ABSTRACT 


Design, fabrication, and test of a large diameter, flight weight, omni- 
directional flexible seal meeting the requirements of the 260 -in. -dia solid rocket 
motor were accomplished. A simplified flexible element for the seal was designed 
which consisted of uniform, conical shapes of rubber and steel layers. Individual 
components of the flexible seal were assembled to form the completed unit by 
secondary bonding in successive steps using an ambient temperature curing adhesive 
system. Test data confirmed that the seal, met the performance requirements pre- 
dictably and the performance limits exceeded the design requirements. 
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I. 


SUMMARY 


This is the final report for the Nozzle Flexible Seal Program performed 
under NASA Contract NAS3-12049. The objective of the program was to demonstrate 
the capability to manufacture large diameter, f lightweight , laminated, omni- 
directional flexible seals meeting the requirements of the 260-in. -dia solid 
rocket motor. 

The scope of work accomplished included design, fabrication, test and 
evaluation of two flexible seals meeting all the requirements for use in the 
thrust vector control system of the 260-in. -dia motor. The total work effort 
was divided into Task I, Design; Task II, Laboratory Support Services; Task III, 
Fabrication; and Task IV, Test. 

Major elements of the finalized seal design were: 

. Forward pivot design concept 

Conical reinforcement shims with constant-thickness elastomer pads 
Cylindrical seal body, 108-in. I.D. and 116-in. O.D. 

. Five elastomer pads, 0. 3-in. -thick natural rubber 

. Four reinforcement shims, 0. 7-in. -thick steel 

All shims were identical in design allowing for interchangeability. The 
simple geometry of the shims enabled design dimensional tolerances to be readily 
met with minimum difficulty and hence minimum fabrication cost. The Gen-Shear 
44125 pads were net-molded in segments comprising 1/8 of the circumference (45° 
each), using a two-cavity heated mold and press. Fabrication in segments enabled 
use of a small mold and minimized the fabrication tooling cost. Each molded seg- 
ment was thoroughly inspected and only those meeting rigid acceptance standards 
were authorized for use in seal fabrication. Quality of the elastomer pads was 
thus assured before their commitment for use in a seal, thus minimizing the risk 
of rejection in final assembly. The elastomer pads and reinforcement shims were 
bonded together with Chemlok 304 ambient temperature curing epoxy resin. Integ- 
rity of each bondline was verified by nondestructive testing prior to proceeding 
with bonding of successive components in the assembly. These design features 
and fabrication methods resulted in high quality seals at minimum cost. 



The two seals were fabricated and subjected to performance testing to 
verify attainment of performance requirement. In these tests, the seals were 

subjected to 850 psig (5.85 x 10^ N/m 2 ) chamber pressure, 1.15 x 10 lb (5.11 

6 

x 10 N) ejection force and +2° (0.0349 rad) deflection. The actuation torque 

£ 

for +2° (0.0349 rad) deflection without the protective boot was 4.98 x 10 in.- 

— 6 6 

lb (5.65 x 10° N-m) which is in good agreement with the design value of 5 x 10 

in. -lb (5.65 x 10^ N-m) for 1 million lb (4.45 x 10^ N) ejection load. Experi- 
mental data confirmed compliance with performance requirement and verified the 
adequacy of analytical techniques used. After performance testing, one seal was 
subjected to destructive test. This test sequence included over-deflection to 

3.3° (0.0575 rad), fatigue test of approximately 1000 cycles, and excessive load- 
6 6 

ing up to 1.5 x 10 lb (6.67 x 10 N) ejection load. Failure was not obtained 
and testing was discontinued at these conditions which represent limits of test 
equipment and facility capability. 

In summary, the program resulted in a seal design and fabrication method 
offering significant advantages including low cost and high inherent reliability. 
Two seals were fabricated and tested to demonstrate adequacy of this design in 
meeting thrust vector control requirements of the 260-in. -dia motor. These results 
constitute a major step in development of flexible seal technology. 

II. INTRODUCTION 


A flexible seal movable nozzle as the means of vectoring the thrust of the 
large solid rocket motor offers the potential advantages of simplicity, weight, 
and cost as compared to other candidate methods of thrust vector control. The 
flexible seal has emerged from only a concept a few years ago to a device currently 
developed for use on several missile systems. The seal flexible element consists 
of concentric spherical laminated layers of elastomer and metal shims. Seals have 
been fabricated by either injection molding or layup of uncured elastomer between 
shims with the flexible element cured as a unit. 
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Because of the large nozzle size and low magnitude of steering require- 
ments for a 260-in. -dia solid rocket booster, flexible seals for this applica- 
tion need to be manufactured in a less complicated manner than is currently 
practical. Accordingly, a program was undertaken to design, fabricate, and test 
two flexible seals of a size meeting 260-in. -dia motor requirements. The demon- 
strated capability to fabricate seals of the required size is necessary for the 
proper consideration of flexible seal movable nozzles for large solid rocket 
motors . 

m. TASK I - DESIGN 

A. DESIGN CRITERIA 


The flexible seal was designed to meet the requirements of a 260-in. 
(6.6 m) solid rocket motor. Basic design criteria and performance specifications 
were established by contract requirements as follows: 

1. The seal shall be designed to be used on a motor nozzle with a 
throat diameter of 90.0 in. (2.28 m) and an entrance-to-throat initial area ratio 
of 2:1. Allowance shall be made for a nominal 5-in. ablative material thickness 
at the throat plane exclusive of overwrap. 

2. The seal shall be designed for a motor maximum expected operatic, 
pressure (MEOP) of 750 psia (5.16 x 10^ N/m^). 

3. The flexible seal shall be f lightweight and shall consist of 
chamber and nozzle attachment flanges, the flexible element, and the insulation 
boot to protect the seal against the thermal environment of the motor. 

4. Required vector deflection angle of the seal shall be in accord- 
ance with Figure 1. 



5. 


The following minimum factors of safety shall apply to the 

flexible seal design: 


Parameter 


Safety Factor 

Condition 


Metal Stresses 


1.25 

MEOP and Vectored 


Metal Stresses 


1.25 

ME OP and Null 


Elastomer and Bond Line 

Tension 

2.0 

Ambient Pressure and 

Vectored 

Metal Shim Compression 

and Buckling 

1.25 

MEOP and Vectored or 
whichever is worse. 

Null, 

Elastomer and Bond Line 

Shear 

2.0 

MEOP and Vectored or 
which ever is worse. 

Null, 


B. PRELIMINARY NOZZLE DESIGN 


Preliminary design of a nozzle was prepared to define the envelope 
and requirements for the detailed design of the flexible seal. Requirements 
applicable to a full length 260-in. (6.6 m) motor that is suitable for the 260/ 

S-IV vehicle were incorporated into the nozzle design. Test data obtained from 
previous 260 -in. (6.6 m) dia motor tests were utilized in the design analysis. 

The nozzle design, Figure 2 was similar to that for the 260-SL-3 
nozzle, Reference 1, except the contour was scaled to a 90-in. (2.28 m) throat 
diameter. The submergence contour from the entrance leading edge to the throat 
plane was a 3:2 elliptical shape with a major axis corresponding to 75% of the 
throat radius. Aft of the throat plane, the surface curvature was equal to the 
throat radius and was tangent to the nozzle divergence contour. A bell-shaped 
contour with an expansion ratio of 8.5 was selected for the divergence section. 

Using a nominal 5-in. (1.27 m) nozzle ablative at the throat plane 
as the baseline, ablative thicknesses at other nozzle stations were extrapolated 
on the basis of thermal degradation requirements. Nozzle erosion and char data 
from 260 in. (6.6 m) dia motor tests were adjusted for differences in throat dia- 
meter send motor pressure using Bartz's theory. Reference 2, and applied to the 
thermal degradation prediction. Predicted erosion, char, and 100°F (311°K) isotherm 
depths at the various nozzle stations were obtained as tabulated in Table I. 
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Structural support of the nozzle ablative, as well as the flexible 
seal, was provided by steel components. A nozzle shell was designed to maintain 
the stress and strain levels in the ablative liner within the allowable material 
properties. A bolted joint was incorporated in the shell for assembly to the 
forward end of the seal. The aft end of the seal was assembled to a steel conical 
closure, which also had provisions for assembly of the nozzle to the motor case. 

From this nozzle design, it can be seen that the envelope for the 
design of the flexible seal was limited by the nozzle shell and conical closure 
configurations. Because of the advantages of lower weight and actuation torque, 
the seal was selected so that the inside diameter was as small as practical within 
the envelope constraints. This diameter was 108 in. (2.74 m) . In addition to the 
envelope limitation, selection of the interface design between the seal and the 
nozzle structures included consideration of assembly and disassembly of the seal 
without interference with the nozzle ablative components. 

C. FORWARD AND AFT PIVOT SEAL COMPARISON 


Within the envelope defined by the nozzle design outlined above, 
flexible seals with the pivot point located either forward or aft of the nozzle 
throat plane can be designed. In the initial seal design effort, both forward 
and aft pivot design concepts were investigated and comparatively evaluated. 

To facilitate this comparative study, the same basic seal configuration 
was used for both concepts. Differences in rotational angle requirement [1.95° 
(.034 rad) vs 1.72° (.030 rad)] between the two concepts were neglected. The 

same flexible element was used, which consisted of five layers of 0 . 3 in. (.0076 m) 

rubber pads that were supported alternately by four 0.7 in. (.0178 m) steel conical 

shims. The seal geometry was a cylindrical body with a 108 in. (2.74 m) I.D. and 

116 in. (2.95 m) O.D. Preliminary stress analysis of this seal design. Table II, 
indicated that shear stress in the rubber pads and compressive and buckling 
stresses in the steel shims met the design criteria. The seal rotational torque 
was 13.4% higher for a forward pivot seal with the larger rotational angle 
requirement . 



Some differences were apparent between the nozzle designs for the 
forward and aft pivot seal concepts, as shown in Figures 3 and 4, respectively. 
Weights of the two nozzle designs were calculated for comparison. The weight 
comparison in Table III indicated that the nozzle with a forward pivot seal was 
565 lb (256 Kg) less than an aft pivot seal. In terms of cost, the weight 
difference was equivalent to $9600 calculated on a dollar per lb basis for the 
various nozzle materials. 

For the comparison of actuation system requirements between forward 
and aft pivot seals, seal rotation torque, internal aerodynamic, axial acceleration 
and inertia torques were calculated. Although the total torque was 55% higher 
for a forward pivot seal, the actuation force was actually less because of the 
longer moment arm as shown in Table IV. Assuming an actuator fluid pressure of 
2000 psi (13.8 x 10^ N/m^) and the total stroke for +2° (.0349 rad), hydraulic 
system flow rates of 60 and 43 GPM (.00379 and .00271 m3/sec) were required for 
the forward and aft pivot seals, respectively. 

A summary of this comparative study indicated the following advantages 
of the forward pivot seal concept: (1) lower weight, (2) lower cost, (3) simpli- 

city of nozzle ablative component design in the submerged cavity, (4) longer moment 
arm to react the actuator torque. Advantages noted for the aft pivot seal concept 
were: (1.) lower total actuation torque, (2) elimination of actuator cross-talk 

with the plane of actuator attachment coincident with the pivot point, and (3) lower 
actuation system hydraulic flow rate requirement. From the results of this study, 
the forward pivot seal concept was selected for detailed design. Concurrence of 
the NASA/LeRC Program Manager with this selection was obtained. 


D. DETAILED FLEXIBLE SEAL DESIGN 
1. Design Selection 


In addition to the design criteria listed in Section A, the 
following requirements were determined from the preliminary nozzle design study 
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for inclusion in the final design and analysis of the flexible seal: 


Ejection force 
Nozzle deflection angle 
Available seal rotation torque 
Available total actuation force 
Weight of nozzle movable parts 


1,000,000 lb (4.45 x IQ 6 N) 

+1.95 degree (.034 rad) 

5.0 x 10 6 in. -lb (.565 x 10^ N-m) 

114.000 lb (5.07 x 10 5 N) 

50.000 lb (2.27 x 10 4 Kg) 


The selected flexible seal design is shown in Figure 5. For 
simplicity in design and fabrication, a seal with a cylindrical body and conical 
flexible elements was selected. The inside and outside diameters of the seal 
were 108 in. (2.74 m) and 116 in. (2.94 m) . The angle measured from the nozzle 
centerline to the centroid of the seal was 50 degree (.873 rad). To meet the 
rotational angle requirement, the flexible elements of the seal consisted of five 
layers of 0.30 in. (.0076 m) rubber pads, which were individually supported by 
four 0.70 in. (.0178 m) steel shims. Steel end rings, which have provisions for 
assembly of the seal to the nozzle, completed the seal design. 


An elastomeric boot for thermal protection of the seal from the 
motor exhaust gas environment was designed to fit into the envelope defined by 
the nozzle design with consideration of the required deflection angle. An S-shaped 
configuration, Figure 5, was selected so that stretching of the boot was minimized 
during seal deflection. 


2. Material Selection 


Gen-Shear 44125 rubber, a natural rubber product from General 
Tire and Rubber Company, was selected as the rubber pad material. The properties 
of this material were obtained from material characterization studies performed 
under Task II of this program and Aerojet Independent Research and Development 
Program. Properties that were used in the seal design analysis included the 
following : 
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Young's modulus (E) 

Shear modulus (G) 

Bulk modulus (K) 

Ultimate shear strength (F Su ) 

Ultimate tensile strength (F tu ) 

Ultimate shear strain (f' ) 

u 


81 psi (5.59 x 105 N/m 2 ) 

27 psi (1.86 x 105 N/m 2 ) 

287,000 psi (1.98 x 10 9 N/m 2 ) 
403 psi (2.78 x 106 N/m 2 ) 

500 psi (3.45 x 106 N/m 2 ) 

700% 


Young's modulus (E) was assumed to be three times the shear modulus. To maintain 
conservatism in the design, the upper limit value of the shear modulus was used. 
This value, 27 psi (1.86 x 105 N/m 2 ), is about 8% greater than the average shear 
modulus of 25 psi (1.725 x 10^ N/m 2 ) obtained in tests. Poisson's ratio ( v ) was 
calculated from the elasticity relationship between bulk modulus and shear modulus 

= 3K -2G 
V 6K + 2G 


From this expression Poisson's ratio was found to be 0.49995- 


Steel shims and end rings of the seal were made from normalized 
AISI 4130 steel having the following properties: 


Young's Modulus (E) 

Tensile yield strength (F t y) 
Compressive yield strength (F C y) 
Poisson's ratio (v) 


29 x 10^ psi (2.0 x 10 2 ^ N/m 2 ) 

70,000 psi (4.83 x 108 N/m 2 ) 

70,000 psi (4.83 x 108 N/m 2 ) 
0.3 


The nozzle shell and conical closure were assumed to be made 
from high nickel maraging steel having a minimum tensile yield strength of 200,000 
psi (1.38 x 10 9 N/m 2 ). 

A butadiene acrylonitrile rubber, V-45, was selected as the 
elastomeric boot material after comparative evaluation with other candidate 
materials. This material has the following properties, which were used for 
design and analysis of the boot: 
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Shore "A" hardness 
Tensile strength 
Elongation 

Thermal conductivity, max, @150°F 
Specific heat, min, @ 150°F 


85 maximum 

2000 psi (1.38 x 10 7 N/m 2 ) 
200 % 


0.15 

0.32 


Btu 

hr ft°F 


Btu 
lb ° F 


(389 

( 2.2 


j oule 
m sec°K 
j oule 
Kg °K 


) 

) 


3. Design Analysis 


a. Flexible Seal End Rings and Nozzle Support Structure 

Nozzle support structure and seal end rings were analyzed 
as two separate assemblies. One assembly (Part A) consisted of the seal aft ring 
and the conical closure. The second assembly (Part B) included the seal forward 
ring and the nozzle shell. Both assemblies were analyzed by means of a finite 
element computer program which considers the structure to be an assemblage of 
quadrilateral rings connected at common nodal points. Details of the formulation 
and method of solution are contained in Reference 3. 

In analyzing Part A, the structure was modeled by the grid- 
work shown in Figure 6. The flange at Point A (see Figure 6) was assumed fixed 
and a design pressure of 938 psi (6.47 x 106 N/m 2 ) [1.25 x 750 psi (5.17 x 10^ 

N/m 2 ) ] was applied to the inside surface of the closure. In addition, the ejection 
force was distributed over the forward surface of the seal aft ring. In actual 
operation torque is applied to the seal ring as a sinusoidally varying edge load 
and has the effect of increasing or decreasing the uniformly distributed ejection 
force on this surface. Since the computer program used is limited to axi symmetric 
loading conditions, the design value of the distributed axial load was taken as the 
ejection force plus the maximum value due to torque. A breakdown of this loading 
is indicated below: 

Ejection force: 1,000,000 x 1, 25/2ir = 199,000 lb/radian (8.86 x 10^ N/rad) 
Torque: 5,000,000 x 1.25/56ir = 35,500 lb/radian (1.58 x 10^ N/rad) 

Design load = 234,500 lb/radian (10.44 x 10^ N/rad) 
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Results of the analysis indicated that the maximum stress 
occurred at Element 31 in Figure 6. The principal stresses in this element were: 

Radial stress - 2,250 psi (15.5 x 10^ N/m ) (tension) 

Axial stress - 8 psi (55.1 x 103 N/m2) (tension) 

Hoop stress - 63,206 psi (436 x 10^ N/m^) (tension) 

The. margin of safety based on maximum stress theory was +0.107. The margin of 
safety based on distortional energy failure (Von Mises) theory yielded a slightly 
larger margin of safety (+0.127) as all principal stresses were tensile. 

Two loading conditions were considered in the Part B analysis. 

(1) Pressure distribution calculated from compressible 
isentropic O'* = 1.2) flow based on a chamber pressure of 938 psi (6.47 x 10^ 

N/m2) was applied on the nozzle shell surface. This pressure was found to vary 
from 320 ps i (2.21 x 106 N/m2) at flange A (see Figure 7) to 938 psi (6.47 x 
10 ^ N/m^) at surface B. A load was also applied at flange A so that the resultant 
horizontal reaction at C would equal the design ejection force of 1,250,000 lb 
(5.56 x 106 N). 


(2) This loading condition was similar to the first, except 
that an internal pressure of 938 psi (6.47 x 106 N/m2) was added to the entire 
surface of area D (see Figure 7). 

Condition 1 was more critical than condition 2 and therefore 
controlled the design. From the computer analysis, all stresses in Part B were 
below the allowable yield and allowable buckling of the material. For the most 
part, however, strain was the governing factor. The highest strain of 0.23% was 
at Element 29, showing a margin of safety of +0.087. 

The relative movement at the bearing joint between the nozzle 
shell and seal forward ring is shown in Table V for loading condition 1. No joint 
separation existed even at full chamber pressure. 
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At the attachment joints between the seal and the nozzle 
structure, the interface load is normally in compression from the ejection force. 
Even with the maximum torque of 5,000,000 in. -lb (5.65 x 10^ N-m) that can be 
applied, the separating force at the joint is small. The size and spacing of 
the attachment bolts were, therefore, governed by good design practices considering 
vibration and handling conditions. 

b. Flexible Seal Assembly 

(1) Stress Distribution 

The stress distribution within the flexible elements 
of the seal assembly was also determined by means of finite element computer 
programs. Programs, Reference 4, that can consider completely incompressible 
materials as well as non-axisymmetric loading on axisymmetric solids of revolution 
were used. The basic analytical model used in the analysis is shown in Figure 8. 
This model considered the ejection force to be applied uniformly through the cross 
section of the seal and a fixed boundary existed at the seal aft ring. Detailed 
solutions were run for three specific loading conditions: 

Condition 1: Ejection force applied to an undeflected seal geometry 

with the chamber pressurized. 

Condition 2: Rotational torque applied to produce 1.95° (.034 rad) 

seal deflection with the chamber unpressurized. 

Condition 3: Ejection force applied to a 1.95° (.034 rad) deflected 

seal geometry with the chamber pressurized. 

From the analytical results, the stress distribution 
in each rubber pad and steel shim was obtained. The maximum stress levels for the 
three loading conditions are shown in Figures 9 through 16. In all cases the 
values shown represented the average stress within the indicated "element". From 



the maximum predicted stress, the corresponding factors of safety for each loading 
condition were calculated and are shown in Table VI. The resultant safety factors 
met the design criteria specified in Section II. A. 

To understand the behavior of the seal under the combined 
loads, the deflections and stress distributions obtained from the computer solutions 
were plotted. Figure 17 shows a plot of the normal and shear stresses acting on 
a typical shim-pad interface for loading condition 1. From this plot of stress 
distribution, it is apparent that a rotational moment is applied to the shim. The 
rotation of the shim results in the high compressive stress on the inner bore surface 
of the shim. Figures 18 and 19 indicate the deformations at the inner and outer edges 
of the rubber pad, respectively, for this loading condition. The total axial deflec- 
tion of the seal was predicted to be 0.235 in. (0.00596 m) due to the combined loads. 

(2) Elastic Stability 

While the compressive stress that resulted from the twisting 
moment in the shim is not high in comparison to the compressive yield strength 
of the shim material, instability failures have been experienced on some laminated 
seals of this type. In order to check the possibility of buckling, the maximum 
compressive stress in the shim was compared to the critical buckling stress for an 
assumed equivalent beam on an elastic foundation. 

From Reference 5, the critical buckling load for an infinitely 
long beam on an elastic foundation was derived as : 


critical load, lb/in. (N/m) 

foundation modulus per unit length, 
lb /in. 3 (N/m^) 

Young's modulus, lb /in. 2 (N/m^) 

Moment of inertia per unit width, 
in. 3 (m3) 

For a beam of unit width and rectangular cross section, expression (1) reduced to: 


( 1 ) 


N = 2 ,/k El 

cr 


where: N 


cr 


E 

I 
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( 2 ) 


whe re : 


2 

= critical buckling stress, psi (N/m ) 


o 


cr 


I k Eh 

/ 3 


cr 


= thickness, in. (m) 


Applying equation (2) to a steel shim of 0.70 in. 

(.0178 m) thickness gives: 


(3) a cr = 2,600 .J~k in psi 

= 35,000/ k in N/m 2 

The value of k for use in this expression was determined 
by applying a unit edge load to the model shown in Figure 20. A conservative 
assumption was made for the model in that the total thickness of rubber pads wao 
supported on either side of the critical steel shim without the reinforcement of 
the other shims. The resultant deflection at the point of load application was 
used to compute a spring rate for the flexible element of the seal. 


Results of this solution gave a spring constant of 
9470 lb/in. (1.655 x 10^ N/m). This value can be considered equivalent to the 
foundation modulus per unit area K of 9470 lb/in. 2 (2.56 x 10 9 N/m 2 ), then: 


o cr = 2600 / 9470 = 253,000 psi 

= 3.5 x 10* 1 2.56 x 10 9 = 1. 75 x 10 9 N/m 2 

Since critical buckling stress is well above the 

70,000 psi (483 x 10 6 N/ m 2 ) compressive yield strength of the shim, it can be 

concluded that buckling of the shim will not occur and compressive stress is the 

criteria for design. From Figures 12 and 15, the maximum compressive stress in 

any shim was found to be 50,800 psi (350 x 10 6 N/m 2 ) [3900 psi (27 x 10 6 N/m 2 ) 

6 2 

due to rotation plus 45,900 psi (323 x 10 N/m ) due to ejection loading on the. 
deflected geometry] . The resultant factor of safety for shim stresses is then 
1.38 as shown in Table VI. 
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c. 


Elastomeric Boot 


An elastomeric boot of 0.50 in. (.0127 m) thick V-45 rubber 
(Figure 5) was used to protect the seal from the thermal effects resulting from 
exposure to the motor propellant combustion products. A heat transfer analysis 
was performed to evaluate the thermal response of the boot and its effect on the 
seal for a full-length 260-in. (6.6 m) dia motor firing (approximately 140 seconds). 


In order to reduce the severity of the local thermal 
environment to tolerable values, the boot and seal were located in a cavity 
separated from the main gas flow environment of the motor by a narrow gap, 
which was small enough to attenuate any external flow disturbances. The heat 
transfer in such a cavity has been treated analytically and experimentally in 
Reference 6. For conditions similar to the selected configuration, the heat 
transfer coefficients are related to the flow conditions external to the cavity 
and the cavity geometry by the following equation: 

x - . 45 - . 5 _ 

h = .016 (— ) Re (pv) C 

x xg p 

o 


where: h = 

x = 
w 

X = 

g 

(Re) x - 
g 

(pv) 

Cp 


average heat transfer coefficient within the cavity, ^ ' r "f t2 ~1? 
length of cavity contour, in. 
gap width, in. 

Reynolds number of external flow based on gap width 


local mass flux external to the cavity, 

Btu 

specific heat of exhaust products, ^ 0 — 



Use of the above relation represents an extrapolation of the 
data provided in Reference 6 because the Reynolds numbers and cavity geometries 
for which test data were obtained were different than those in this analysis. 
Correlation analysis indicated the thermal model slightly over-predicts the 
material decomposition rates. 
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The input data for evaluating the average cavity heat 
transfer rates were as follows: 


Propellant: 

Chamber pressure: 

Chamber temperature: 

Aft closure Mach number: 
Gap Width: 


ANB-3254 

600 psia (4.14 x 106 N/m^) average 
5434° (3280°K) 

0.3 

0.15 in. (.0381 m) 


Substituting these parameters into equation (1), the resulting heat transfer 
coefficient was predicted to be 24 Btu/hr-ft2-°F (19 x 10 3 joule/m^ sec °K) . 

As indicated by equation (1) the heat transfer rates could be reduced by either 
increasing the cavity volume (perimeter) or decreasing the gap width. 


The thermal response of the selected design exposed to a 
full-length 260 in. (6.6 m) motor firing, 140 seconds, is presented in Figure 21. 
Material density profiles are noted at 40, 80, and 140 seconds duration, together 
with the predicted temperature gradient at time of burnout (140 seconds). The 
depth of the fully charred zone is predicted to be 0.16 in. (.00406 m) with the 
total thermal decomposition zone extending to a depth of 0.31 in. (.00788 m) . At 
burnout, the maximum temperature of the flexseal, assuming the boot remained in 
perfect contact throughout the firing is 90°F (306°K) or 10°F (6°K) above ambient. 
In regions where the boot does not contact any portion of the flexseal the back- 
side temperature of the boot would be on the order of 250°F (394°K). 


The above results indicated that the boot design was adequate 
to protect the flexible seal from excessive temperature even with an empty cavity 
between the boot and the seal. In the actual application where this cavity was 
filled with a low viscosity grease, the backside temperature of the boot would be 
substantially less than 250°F (394°K). 

d. Failure Modes Analysis 

An analysis was performed of three basic failure modes related 
to the flexible seal. These modes were: (1) structural failure of the seal, (b) 

the requirement of torque in excess of that available, and (c) premature bum-through 
of the insulation boot protecting the flexible seal surface. The details of this 
analysis are included in Appendix A. 
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Stress analysis identified failure of the seal rubber pads 
in shear as the most likely mode of mechanical failure. Because of the complexity 
of the relationship, shear forces cannot be related to the design parameters 
governing them by simple formulas. The only feasible method for estimating the 
probable distribution of the shear requirement, therefore, was to employ Monte 
Carlo simulation techniques in conjunction with the computer program used in the 
basic stress analysis. Results were obtained for eight simulation runs. From 
these results the probability of maximum shear exceeding the material capability 
was calculated. A probability of failure of 3 x 10 ° was obtained. 

The calculation of the probability of occurrence of torque 
requirement in excess of the design capability was made using the basic relation- 
ship between requirement vs capability. The requirement average was estimated 
from an approximate design equation that related torque to rubber modulus and seal 
geometry. The variability of the required torque was estimated from the formula 
by the propagation of variance technique. The results indicated that an increase 
of the torque capability from the design nominal of 5.0 x 10 6 in. -lb (5.65 x 10^ 
N-m) to 5.87 x 10 ^ in. -lb (6.63 x 105 N-m) was required to reduce the probability 
of exceedence to the target value of 1 x 10 -8 . 

In calculating the probability of premature insulation boot 
bum through, the relationship between requirement and capability was also used. 
The capability was expressed in seconds of available protection by the ratio of 
the boot thickness to the erosion rate. The requirement was expressed in seconds 
of protection required prior to the end of action time. This analysis showed that 
with the nominal boot thickness of 0.45 (.0014 m) , the probability of failure was 
1 x 10~ 8 . 


Based on the results of this analysis, the probability of 
occurrence of seal structural failure and boot bum through failure modes was 
less than or close to the desired value of 1 x 10 -8 . An increase in torque cap- 
ability was necessary to reduce the probability of exceeding the torque requirement 

to this value. 
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4. 


Engineering Drawings and Specifications 


Detailed engineering drawings were prepared for the fabrication 
of the individual seal components as well as the assembly processing of the 
flexible seal. These drawings were: 


Drawing No . 
1148903 
1148904 
1148905 
1148906 
1148907 
1148993 


Title 

Flexible Seal - 260-in. -dia Motor 

End Ring, Fwd - Conical, Flexible Seal 

End Ring, Aft - Conical, Flexible Seal 

Shim - Conical, Flexible Seal 

Pad - Conical, Flexible Seal 

Boot, Elastomeric - Conical, Flexible Seal 


The drawings defined the materials and dimensional tolerances 
of each component in accordance with design requirements. Each rubber pad was 
designed to be molded from a flat pattern mold. Eight pads were used to complete 
a circumferential layer in the seal, and dimensional tolerances were controlled 
so that proper interface fit between pads was obtained without machining. 

The seal assembly drawing defined the interface requirements 
between components and the overall dimensions of the assembly. The limits of 
mismatch between components were specified. Adhesive materials were specified 
for the rubber pad interface bond, as well as the rubber pad to steel component 
bond. These adhesive materials were selected from results of evaluation performed 
under Task II of this program. 

Acceptance and quality control requirements for materials and 
processing of the seal were delineated by specifications. These specifications 
were : 


Spec. Number 
MIL-S-6758 
AGC- 3446 3 


Title 

Steel, Chrominum-Molybdenum 4130 Bars and Reforgings 
Compound, Natural Rubber 
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Title 


Spec. Number 

AGC- 34230 Insulation, Butadiene Acrylonitrile, Unvulcanized 

A.GC- 36590 Seal Assembly, Flexible, Fabrication of 

AGC- 36420 Insulation, Rubber, Butadiene Acrylonitrile, 

Autoclave Cure, Fabrication of 

The control limits imposed by the specifications, in particular, for the natural 
rubber compound and for processing of the seal assembly, were derived from results 
of evaluation programs performed under Task II. Method of surface preparation for 
rubber and steel components and bond integrity determination were specified in the 
seal assembly specification. 

Engineering drawings and specification used in this program are 
enclosed in Appendix B. 

E . MANUFACTURING PLAN 


In defining the plans for the fabrication of the seal components and 
assembly, well-established techniques were used wherever possible. In the case 
where new manufacturing and processing materials and techniques were required, the 
development and evaluation of these items were performed under Task II of this 

program. 


1. End Rings and Reinforcement Shims 

Fabrication of the seal steel components, i.e. , reinforcement 
shims and end rings, followed processes that provided a high degree of finished 
dimensional stability and accuracy. Each component was machined from ring-rolled 
forgings to the final dimension. Because of the relative elasticity of the parts, 
final dimensional inspection was conducted while the part was on the turning lathe 
Magnetic particle inspection of these components was performed prior to acceptance 
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Rubber Pads 


The selected method for the fabrication of the rubber pads was 
by transfer-molding the pads in a close tolerance two-cavity mold. Each mold 
charge produced two pads along with a quality control specimen that was used to 
verify the proper state of cure was achieved in the molding cycle. 

Prior to initiation of production, a development effort was per- 
formed by the fabricator, General Tire and Rubber Co. (GT&R) to characterize the 
processes. This development phase included the following activities: 

a. Design and fabricate mold and tooling. 

b. Validate mold design through detailed dimensional inspection 

of trial parts. 

c. Optimize molding parameters and cure cycle. 

d. Establish acceptance test procedure and limits. 

From the results of the development effort, an integrated 
manufacturing and inspection plan was prepared that covered all aspects of the 
pad fabrication process from raw material acceptance through finished part ship- 
ment. Each pad was serialized to provide traceability through the process sequence. 
Process documentation for each pad included: 

a. Acceptance test data for the raw material lot. 

b. Certification of absence of defects by visual inspection. 

c. Dimensional inspection results. 

d. Cure cycle records. 

e. Quality Control specimen test data. 

In addition to this development effort, a process demonstration 
task was conducted as a part of Task II to confirm the dimensional stability of 
the pads necessary to satisfy the seal assembly bonding process and to establish 
nondestructive test techniques for final acceptance of the pads. 
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3. 


Elastomeric Boot 


Fabrication of the elastomeric boot employed a plan which has 
been extensively used in the processing of motor case insulation of the same 
material types. This plan consisted of molding the boot in segments, which were 
subsequently joined together to form the circular part. Each segment was one- 
sixth of the circumference. The mold was designed to match the S-shape internal 
configuration of the boot. Uncured rubber sheets were layed up on the mold to 
the designed thicknesses and cured with autoclave [100 psi (6.9 x 10^ N/m^)] 
pressure and 31Q°F (428°K) temperature. 

Prior to the production of the boot segments, a development 
effort was performed by the fabricator to establish a technique for the splicing 
of the segments. From the results of this effort, the splicing procedure, as 
well as the splice characteristics, were obtained. Comparison of mechanical 
properties between the parent material and the splice was made to ascertain that 
the properties met the design requirements. 

Radiographic inspection was used for the detection of defects 
in the boot. A procedure similar to that used for joining segments was estab- 
lished for the repair of defects. 

4. Flexible Seal Assembly 


The plan for the assembly processing of the flexible seal consisted 
of bonding the individual components together in successive steps. Room temperature 
curing adhesive systems were used for both the rubber pad interface bonds and the 
rubber pad-to-steel shim bonds. Several candidate adhesive systems were evaluated 
in Task II of this program prior to their selection for use. The selected adhesive 
systems were characterized to determine that the bond properties exceeded the design 
requirements . 


20 



Surface preparation, adhesive application and curing techniques 
were established as a part of the Task II effort. A primer that is compatible 
with the selected adhesive system was used for protection of steel component 
surfaces against corrosion. A chlorination treatment was used to prepare rubber 
pad surfaces for bonding. Bonding and curing procedures included mating of the 
bond surfaces under vacuum pressure to minimize bond voids and applying mechanical 
pressure to the bond interface during cure. 

Prior to processing of the actual seal, the selected procedures 
were checked out by the fabrication of a full size process demonstration ring. 
Tooling and fixtures intended for fabrication of the seal assembly were employed 
in the process demonstration. Nondestructive techniques for detecting bond defects 
were established from inspection of the bondlines in the process demonstration 
ring. Bond strength properties were obtained from sectioning and testing of the 
ring. 


From the results obtained in Task II, intergrated process and 
inspection procedures were prepared for each step in the seal assembly processing. 
Detailed procedures were defined for the surface preparation of the individual 
components and for the adhesive bonding at rubber pad interfaces and between rubber 
pad and steel components. 

F. PROCESS TOOLING DESIGN 


From the established manufacturing plan, tooling and fixtures 'were 
designed to meet the flexible seal processing and assembly criteria. Major items 
of tooling were: 


Drawing No 

T-1023775 

T-1023859 

T-1023860 

T-1023861 


Title 

Seal Assembly Bond Fixture 
Inverting Fixture for the Bond Fixture 
Lift Fixture for the Metal Shims 
Handling Cart for the Metal Shims 



Drawing No . 
T-1023862 
T-1023863 
T-1024056 


Title 

Adhesive Spreader 
Elastomeric Boot Bond Fixture 
Primer Curing Oven 


Design criteria for the assembly bond fixture were: (1) position 

the seal assembly with the centerline in the vertical attitude for bonding, (2) 
invert the seal component for adhesive application, (3) bond the seal components 
under vacuum pressure, and (4) apply positive pressure at the bondline during 
the adhesive cure cycle. 


The assembly bond fixture design consisted of an annular vacuum chamber 
Figure 22, in which the seal components were bonded. The chamber was separable 
into two parts; the top with the outside wall, and the bottom with the inside 
wall. The bottom of the fixture contained a stand on which the forward end ring 
of the seal seated. Ten air cylinders were attached to the top portion of the 
fixture for assembly to the seal aft end ring. Trunnions were incorporated for 
inverting the top portion of the fixture for adhesive application. Vacuum fittings 
were used to evacuate the chamber during the bonding process. Pressurization of 
the air cylinders provided mechanical force at the bondline during the adhesive 
cure cycle. 


The rotating fixture design consisted of a strong-back with legs for 
attachment to the trunnions on the bond fixture. The height of the legs was 
designed to clear the top portion of the bond fixture during inverting. 

Two types of fixtures were designed for lifting the metal shims. The 
basic fixture designs were the same consisting of a spider support with three 
vertical lift points. The difference was in the lifting mechanism using either 
the magnetic contact or the suction-cup types. Subsequent usage indicated that 
the fixture with the suction-cup design provided a more positive lifting capability 

The handling cart was designed with the versatility of handling and 
transporting the metal shim in the upright and inverted configurations, as well 
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as the end rings. Since the cart supported the seal components in the oven 
during primer cure, the cart was designed to withstand the oven temperature. 

The adhesive spreader was a flat steel plate with serrations on one 
edge. The height of the serrations was made adjustable so that the amount of 
adhesive applied on the surface can be changed. 

A box type oven was designed for curing of the primer. Automatic 
temperature control was incorporated for maintaining temperatures up to 400°F. 

The fixture design for bonding the elastomeric boot to the seal 
consisted of mechanical ring clamps which applied bond pressure axially on each 
end of the seal. In addition to the clamps, steel bonding straps were used to 
apply radial pressure on the adhesive bondline during cure. 

G. TEST PLAN 

A test program was defined for structural testing of the flexible 
seals. The program included functional pressure proof and vectoring tests of both 
seals and destructive test of one seal. The plans for conducting these tests 
are as follows: 


1. Functional Test 


a. Pressure Proof Test 

Initially, a leak test of the seal will be conducted at 
50 psig (3.45 x 10 5 N/m 2 ) test pressure. Following this, the test pressure will 
be increased to a maximum of 850 psig (5.86 x 10^ N/m^) . This pressure corresponded 
to 1.15 times both the maximum expected operating pressure (MEOP) of the motor and 
the maximum ejection load acting on the seal. At pressure levels of 200, 400, 600, 
735, and 850 psig (1.38, 2.76, 4.14, 5.06, and 5.86 x 106 N/m 2 ) , tes t data will be 
recorded to determine the seal axial deflection and steel shim stress. 
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b. Vectoring Test 


Vectoring tests up to +2° (.0349 rad) deflection will be 
performed at various pressure levels. These pressure levels are equivalent to 

0, 30, 60, 90, and 115% of the maximum predicted ejection load of one million 

£ 

pounds (4.45 x 10 N) . The tests will be conducted in both the pitch and yaw 
planes of each seal. Test data will be measured so that the following seal per- 
formance. characteristics can be determined: 

(1) Actuation torque vs seal deflection angle 

(2) Axial deflection vs ejection load 

(3) Pivot point movement during vectoring 

(4) Torque variation between ascending and descending 
deflection angle (hysterises effect) 

(5) Null position shift 

(6) Torque variation between seals and between the 
pitch and yaw axis for the same seal 

(7) Metal shim hoop stress 

2. Destructive Test 


In the destructive test phase, a sequence of tests that exceed 
the functional test requirements will be conducted until the first evidence of 
seal structural failure (actual or imminent) occurs or leakage is detected. 

a. Vectoring Test 

The seal will be deflected to +3.5° (.061 rad) vector 
angle. This maximum deflection angle may be less if limited by the available 
output force of the hydraulic actuator or by the physical interference between 
the seal and test fixture. 



Ejection Load Test 


b . 


Test pressure will be increased to an equivalent ejection 
load of 1.5 million lb (6.67 x 10 ^ N) acting on the seal. The increase will be 
in steps of pressure equivalent to 1.2, 1.3, 1.4, and 1.5 million lb (5.34, 

C. 

5.79, 6.22, 6.67 x 10° N) ejection load. At each pressure step, the seal will 
be deflected to +2° (.0349 rad) vector angle. 

c. Fatigue Test 

Approximately 1000 cycles of flexible seal vectoring will 
be performed to evaluate the capability of the seal to survive a repetitive stress 
reversal condition. The duty cycle will consist of 500 cycles of +1° (.0175 rad) 
followed by 500 cycles of +2° (.0345) vector angle. A sinisoidal command signal 
will be used with the maximum slew rate that can be obtained with the hydraulic 
power supply unit. A test pressure of 30 psig (20.7 x 10^ N/m^) will be used 
throughout the fatigue test. 

d. Pressure Test 

In this test, chamber pressure will be increased to 1100 
pisg (7.59 x 10 6 H/tct) , which acts on the external surface of the seal and simul- 
taneously results in 1.5 million lb (6.67 x 10^ N) ejection load acting axially 
on the seal. Pressure will be held at 200, 400, 600, and 880 psig (1.38, 2.76, 
4.14, and 6.06 x 10 6 N/m^) while seal axial deflection data are recorded. The 
pressure at 1100 psig (7.59 x 10^ N/m^) will be held for two minutes to monitor 
for leakage followed by venting of the chamber to atmospheric pressure. 

At the end of destructive test, the condition of the seal 
will be documented. Photographs will be taken to document all failure conditions. 
If failure of the seal occurs, the mode of failure will be determined. 
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Before and after each phase of functional and destructive 
testing, seal flange-to-flange parallelism and concentricity measurements will be 

taken. 


Comparison of test data will be made to evaluate the contri- 
bution of actuation torque with the elastomeric boot installed in place. One 
seal will be functionally tested without the elastomeric boot, while the second 
seal will be functionally and destructively tested with the boot in place. 

H. TEST FIXTURE DESIGN 

A fixture was designed to meet the requirements for functional and 
destructive testing of the flexible seal. Basic design criteria for the fixture 
were: (1) subject the seal to designed load conditions, (2) preclude its restraining 

or guiding movement of the seal under applied loading conditions, (3) minimum fabri- 
cation cost, and (4) adaptable for testing of flexible seals designed for nozzles 
having throat diameters over the range of 71.0 to 90.0 in. (1.8 to 2.28 m) . 

The primary load conditions that the fixture must simulate were: 
chamber pressure acting on the seal external surface, nozzle ejection load, 
and nozzle rotation (vectoring) , Because a fixture cannot be designed to simu- 
late all of these loads simultaneously without constrainting the pivot point 
location, a fixture design concept was selected that subjected the seal to a 
combination of loads in the pressure and vector tests. During pressure test, 
the nozzle ejection load and the external pressure load were simulated. In 
the vectoring test, the nozzle ejection load and shear stress in the rubber 
pads were produced, while the external pressure was substantially reduced. 

This difference in external pressure was found from stress analysis to have 
only slight effect on the rubber shear stress. 

The selected fixture design is shown in Figure 23. Major components 
of the fixture consisted of: (1) tank structure, (2) piston, (3) seal support 

structure, and (4) actuator support structure. On the top of the tank structure, 
provisions were included for assembly of the seal aft ring. Two actuator 
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attachment lugs, 90° (1.57 rad) apart, were on the external surface of the tank. 
The bottom part of the tank structure was the cylinder wall which mated with the 
piston. The piston had 0-rings for pressure seal against the cylindrical wall. 

In the pressure test configuration, the piston was moved upward and attached to 
the seal support structure (see Figure 23). Provisions were incorporated into 
the seal support structure for assembly of the seal forward ring on the bottom 
flange and the actuator support structure on the top surface. The interface was 
designed so that the actuator support structure can be positioned in either the 
pitch or yaw plane with respect to the seal support structure. 

A key element of the test fixture design effort was verification of 
its structural adequacy. A structural analysis was completed which indicated 
that a minimum safety factor of 1.5 existed at a pressure level of 1.125 psi (7.75 
x 10 ^ N/m^) (1.5 x motor MEOP) for both the pressure and vectoring configurations. 
This analysis was predicated on using T-l steel with a minimum yield strength of 
90,000 psi (620 x 10& N/m2) in the rolled and welded construction. 

Detailed fabrication drawing T-1023498 was prepared of the test 
fixture design. 

IV. TASK II - LABORATORY SUPPORT SERVICES 


A laboratory investigation program was performed in support of the flexible 
seal design and fabrication effort. The objectives of this program were: (1) to 

define the elastomer and laminate physical properties and the effect of various 
environmental and loading conditions on these properties, and (2) to evaluate 
processing and inspection techniques proposed for seal fabrication and to determine 
the effect of processing variables on seal performance. 

A. MATERIAL PROPERTIES 
1. Rubber Pad 


The natural rubber, Gen-Shear 44125, which was selected as the 
rubber pad material for this program was extensively evaluated in an Aerojet 
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Independent Research and Development Program, Reference 7, prior to the initiation 
of this program. The material properties determined by specimen tests conducted 
under this IR&D program included bulk modulus; tensile, shear, and compressive pro- 
perties; and creep characteristics. 

a. Bulk Modulus 

In determining bulk modulus, three rubber specimens, 

0.375 x 0.50 x 7 in. (.0095 x .0127 x .178 m) were tested by immersing in silicone 
oil and pressurizing in a pressure vessel up to 1,000 psi (6.9 x 10& N/m2). The 
change in specimen length with pressure was measured with a linear variable diffe- 
rential transducer (LVDT) and indicated a linear variation. From the measured 
data, the bulk modulus was calculated to be 296,700, 296,400, and 269,250 psi 
(2.045, 2.043 and 1.855 x 109 N/m^) for an average modulus of 287,000 psi (1.98 x 
10 9 N/m.2). 

b. Tensile Properties 

Twelve tensile specimens with the configuration shown, in 
Figure 24 were tested to characterize the tensile property. Rubber thicknesses 
for the specimens were as follows: 

No. of Rubber , 


Specimens 

Thickness 

, in. (m) 

_ T yp e 

Shape Factor 

6 

0.18 

(.00457) 

Bonded 

2.2 

3 

0.10 

(.00254) 

Bonded 

4.0 

3 

0.05 

(.00127) 

Molded 

8.0 


(1) Shape factor for the specimen configuration is defined as 
S = D/4t, where: D = diameter and t = rubber thickness. 

In the bonded specimens, Chemlok 304 epoxy adhesive was used for bonding the 
rubber to the steel end plates. Molded specimens were fabricated by injecting 
uncured rubber between the end plates and then vulcanizing in place. 


28 


Each specimen was tested to 400% strain at two different 
cross-head speeds of the testing machine, 0.5 and 5.0 in. /min (0.212 and 2,12 
x 10~3 m/S), resulting in two different strain rates on the specimen. Subse- 
quently, each specimen was tested to failure using the 5.0 in. /min (2.12 x 10" ^ 
m/S cross-head speed. The stress-strain relationship was obtained for each 
specimen and is shown in Figures 25, 26, and 27. The results indicated that for 
a higher strain rate on the specimen, the shear strain was increased at the same 
stress level. Comparison of the data for the three specimen sizes showed that 
the ultimate tensile strength and elongation is higher for larger shape factors. 

Examination of the specimens that failed in the tension test 
revealed internal failure of the rubber in the form of numerous small pores (spheri- 
cal indentation) as shown in Figure 28. This phenomena has been observed in 
previous tests by GT&R. An investigation was conducted to correlate the tensile 
stress level at which internal failure initiated. A series of five tensile 
specimens with 0.18 in. (.00457 m) rubber was loaded to a predetermined stress 

level and subsequently dissected for visual inspection. Internal failure was 

2 

observed to start between 88 and 97 psi (6.07 and 6.7 x 10^ N/m ) tensile stress. 
This agrees with the point on the stress-strain curve where a sudden change in 
slope occurs (Figure 25). Since the occurrence of internal failure can sub- 
stantially reduce the shear capability in the rubber, tensile loading of the 
rubber is best minimized in flexible seal design. 

c. Shear Properties 

Quadruple lap shear specimens as shown in Figure 29 were 
used to determine the shear properties of the rubber. Three specimens with 0.18 
0.10, and 0.06 in. (.00457, .00254, and .00152 m) rubber thickness were prepared. 

The specimens with the 0.10 and 0.18 in. (.00254 and .00457 m) rubber thicknesses 
have the rubber pads bonded to the steel plates with Chemlok 305 adhesive, while 
the specimen with the 0.06 in. (.00152 m) rubber was fabricated by injecting uncured 
rubber between the steel plates and then vulcanizing in place. 
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The specimens were tested at different strain rates and with 
various compressive pressure levels to determine their effect on the shear pro- 
perties. Each specimen was enclosed in a pressure vessel and pressurized to 
1000 psi (6.9 x 10 6 N/m.2) simultaneously with the application of 200% shear 
strain. Results in Table VII indicated no significant difference in shear stress 
and modulus even with an order of magnitude difference in strain rate and with 
compressive pressure variation from 0 to 1000 psi (6.9 x 10^ N/m^). A plot of 
shear stress-vs-strain variation for the three specimens is shown in Figure 30. 

A low shear stress at failure for the specimen with the 0.18 in. (.00457 m) 
rubber resulted from excessive bond voids in the specimen. For all three speci- 
mens, the shear modulus was relatively constant [25 to 27 psi (1.72 to 1.86 x 
10 -• N/m2)] up to 400% strain. 

d. Compressive Properties 

Three specimens were prepared and tested to characterize 
the compressive property of the rubber. The configuration of the specimen is 
identical to the tensile specimen as shown in Figure 24. All specimens have the 
rubber pads bonded to end plates with Chemlok 305 adhesive. Variations of speci- 
men diameter and rubber thickness were incorporated to produce three different 
shape factors: 

Rubber 

Diameter, in. (m) Thickness, in. (m) Shape Factor* 


1.60 

(.0406) 

0.19 

(.00482) 

2.1 

1.60 

(.0406) 

0.10 

(.00254) 

4.0 

2.98 

(.0756) 

0.10 

(.00254) 

7.5 


*Shape factor is given as: S = where D = diameter and t = rubber thickness 

The 1.60 in. (.0406) dia specimens were tested in compression 
to result in approximately 4500 psi (31 x 10° N/m^) stress, while the 2.98 in. 
(.0756 m) dia specimen was loaded to 1200 psi (8.28 x 106 N/m^) which was the 
maximum capacity of the testing machine. A definition of the stress-strain 
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relationship was obtained for each specimen and is shown in Figure 31. As 
expected, the compressive modulus was a variable that increases with applied 
load. For the same stress level, the compressive modulus value was higher for 
a larger shape factor. 


Correlation of the experimental compressive modulus with 
analytical results was made. Specimen geometries corresponding to the test 
specimens were analyzed by the finite element method, Reference 3. Since this 
method only considers linearity in material properties, effective compressive 
moduli of 843 and 2,543 psi (5.81 and 17.5 x 10 ^ N/m2) were obtained for shape 
factors of 2.1 and 4.0, respectively. The analytical values agreed closely 
with the experimental results when compared with the initial slope of the stress- 
vs-strain curve as shown in Figure 31. 

e. Creep Characteristics 

Six specimens were tested to determine the creep characteristics 
of rubber for shape factors of 2.0 and 7.5. Each specimen had 0.10 in. rubber (.00254 
m) which was bonded to metal end plates with Chemlok 305 adhesive. Three each of 
the specimens were 1.60 and 3.00-in.-dia (.0406 and .0762 m-dia) . 

Each specimen was subjected to the following tensile stress: 


Specimen 

Diameter, 
in. (m) 

Shape Factor 

Tensile Stress, 
psi (N/m2 x 10~3) 

1 

1.60 

(.0406) 

4.0 

30 

(207) 

2 

1.60 

(.0406) 

4.0 

50 

(345) 

3 

1.60 

(.0406) 

4.0 

80 

(552) 

4 

3.00 

(.0762) 

7.5 

30 

(207) 

5 

3.00 

(.0762) 

7.5 

50 

(345) 

6 

3.00 

(.0762) 

7.5 

65 

(448) 


A record was made of the strain at the following time 
intervals after load application: 1 min, 6 min, 18 min, 36 min. 1 hr, 1 day, 



3 days, 1 week, and 1 month. The static load was then removed and the change 
in length was recorded at the following time intervals after load removal; 1 min, 
6 min, 18 min, 36 min, 1 hr, 4 hr, 1 day and 1 week. 

The results (strain-vs-time) for specimens 1 through 5 are 
shown in Figure 32. The data, except for specimen 2, showed a continuous increase 
in strain even up to 1 month duration. Specimen 2 indicated a constant strain 
for the full test duration. Generally, the magnitude of creep was higher with 
a higher tensile stress for the same shape factor and with a lower shape factor 
for the same tensile stress. The data for specimen 6 were not usable since the 
high tensile load resulted in internal failure of the specimen and caused 160% 
strain within 1 month duration. 


The creep recovery in the specimen occurred instantaneously 
after removal of the tensile load. Residual creep during the time interval from 
1 minute to 1 week after load was removed was less than 1%. 

f. Poisson’s Ratio 


equation : 


Poisson's ratio of the rubber was calculated by the 


^ = — — —— where: K = rubber bulk modulus, psi (N/m^) 

oCj TZb 

G = rubber shear modulus, psi (N/m2) 

The bulk modulus and shear modulus values are those determined from specimen 

tests . 


g. Aging and Humidity Tests 

The effects of aging and humidity on elastomer and composite 
properties were initially evaluated by five tensile and three quadruple lap shear 
test specimens. Each tensile specimen was 1.6 in. (.0406 m) dia (Figure 24) with 
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a 0.10 in. (.00254 m) rubber layer bonded between the steel end plates. Quadruple 
lap shear specimens have 4 x 4 x 0.10 in. (.102 x .102 x .00254 m) rubber pads 
bonded at each end of the steel plates. Two shear specimens and one tensile 
specimen were coated on the exposed rubber edges to evaluate a candidate pro- 
tective coating material, Black-Out, a R. T. Vanderbilt product. 

The specimens were subjected to environmental exposures 
in accordance with the schedule shown in Table VIII. Aging exposure was conducted 
at 80°F (300°K) temperature and ambient humidity, while humidity exposure was in 
an oven of 90% relative humidity and 110°F (317°K) temperature. 

After three months exposure, the protective coating on the 
coated specimens was extensively cracked. Separation of the coating from the 
rubber also occurred. Therefore, the three specimens with the protective coating 
were removed from further tests. 

At the end of each specified exposure duration, the remaining 
specimens were tested to determine the change in properties. Tensile specimens 
were tested to a stress level of 50 psi (3.45 x 10^ N/m2) while shear specimens 
were tested to a strain level of 300%. The test results are summarized in Table 
IX. A continual increase in shear modulus and decrease in tensile strain was 
indicated with increase in exposure time. Both of these effects are indications 
of increased stiffness in the rubber. At the end of nine months exposure to the 
high humidity environment, an increase in shear modulus from 24 to 30 psi (1.65 
to 2.07 x 10^ N/m^) was noted. However, only a slight increase in modulus was 
observed for specimens exposed to the milder aging environment. Specimens with, 
an additional month's humidity exposure after the nine months aging exposure 
showed a significant increase in shear modulus and decrease in tensile strain. 

This indicated that the stiffness of the rubber, as expected, was increased more 
rapidly under the severe humidity exposure than the ambient aging conditions. 

After exposure to all the specified conditions, each specimen 
was tested to failure. The properties at failure are shown in Table IX. Compari- 
son with test data of similar specimens not subjected to these environmental 
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exposures. Figure 33, indicated that the shear modulus was higher and the shear 
strength was lower. The significant difference in the data confirmed the necessity 
for protecting the rubber layer of the flexible seal against these types of 
envi ran rent al exp os ure . 


In order to qualify a material in time for use in the environ- 
mental protection of the rubber in the flexible seal, an accelerated aging pro- 
gram was preformed to evaluate two candidates prior to final selection. These 
candidate materials were Hypalon, a DuPont synthetic rubber product, and 
chlorobutyl rubber sheet. In addition to their excellent protective qualities, 
these materials have the desired properties of low modulus and high elongation.' 
Hypalon was applied as a surface coating, while chlorobutyl rubber sheet was 
bonded to the seal surface. 


Twelve specimens, 1.00 x 3.75 x 0. 10- in. -thick (.0254 x 
.0952 x ,00254 m thick) rubber, with the following surface preparation and pro- 
tective materials were prepared: 


No. of 
Specimens 


2 

2 

2 

2 

2 

2 


Surface 

Preparation 

Untreated 

Chlorinated 

i 


f 

Chlorinated 


Protective Material 
None 
None 

*Chlorobutyl rubber sheet (two surfaces) 
^Chlorobutyl rubber sheet (all surfaces) 
Three brush coats of Hypalon 
Six brush coats of Hypalon 


*0.02 in. (5.08 x 10-4 m) chlorobutyl rubber sheet bonded 
to specimen with PR- 1221 adhesive. 

The specimens were mounted for test in accordance with ASTM-D518, Procedure B. 
The test method for accelerated ozone cracking of vulcanized rubber was in 
accordance with ASTM-D-1149 using the counter-current absorption column for 
measuring ozone concentration. The specimens were subjected to an exposure of 


34 



15 8° F (343°K) for 70 hours and then 7 days exposure to an ozone concentration of 
50 parts per hundred million parts of air at a temperature of 140°F (333°K) . 

At the end of exposure time, extensive surface cracks were 
apparent on the specimens without a protective material. Figure 34. Specimens 
that were coated with either Hypalon or chlorobutyl rubber sheet showed no surface 
deterioration. Subsequent dissection of the specimens and examination under a 
seven-power magnification revealed no degradation of the underlying rubber surfaces. 
These results indicated that either of the candidate materials can provide adequate 
protection under the test conditions of aging and ozone exposure. For surface pro- 
tection of the flexible seal, Hypalon was selected because of its ease of application 
and good adhesion to both rubber and steel surfaces. 

2. Metal Shim 


Normalized AISI 4130 steel was the material selected for the 
metal shims and end rings of the flexible seal. This steel has a 70,000 psi 
(4.83 x 1Q8 N/m2) yield strength and 29 x 106 psi (2.0 x 10H N/m^) tensile 
modulus. All properties necessary to support the flexible seal analysis are 
characterized through the extensive use of this material in the industry. 

Because of the size and flexibility of the steel shim, dimensional 
stability of this material using the selected shim fabrication method must be 
verified. Verification of this characteristics was made in the Process Demonstration 
Task as discussed in Section III.B.3. 

3. Elastomeric Boot 


Gen-Gard V-45, an acrylonitrile-butadiene rubber with silica 
fiber fillers, was selected as the elastomeric boot material. This material 
has a minimum tensile strength of 2000 psi (1.38 x 10 7 N/m^) and an elongation 
of 200%. Elevated temperature properties for the thermal response prediction 
of the boot were available through its used as motor case internal insulation, as 
well as in similar applications for the thermal protection of flexible seals. 
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ASSEMBLY PROCESSES 


Laboratory investigations to establish processing materials and 
procedures for the assembly of the flexible seal were performed. Adhesive systems 
for the rubber pad bond and metal-to-rubber bonds were evaluated. Each step of 
the bonding procedure; i.e. , surface preparation, adhesive application and cure 
cycle, was demonstrated so that a technique that resulted in minimum bond voids 
and maximum shear strength can be selected. Nondestructive test methods for the 
detection of bond defects and internal defects in the rubber were developed. The 
selected processing and inspection procedures were incorporated into the fabrication 
of a full size process demonstration ring to checkout the entire operational procedure 
and equipment prior to initiation of flexible seal fabrication. 

1. Adhesive Evaluation 


a. Metal-to-Rubber Bond 

Several candidate adhesive systems were evaluated by the 
rubber fabricator, Gl&R, for use in the bond between the rubber pads and steel 
shims. Results from lap shear specimen tests indicated that only Chemlok 304 
and 305 adhesives (Hughs on Chemical Products) consistently resulted in 100% 
cohesive failure in the rubber pad that had a chlorination treatment of the rubber 
surfaces. Both of these are two-part epoxy resin, structural adhesive systems, 
which cure at room temperature. The Chemlok 305 adhesive with a lower viscosity 
was selected for its ease of application and uniformity in wetting of the surface. 
Subsequent: lap shear specimen tests demonstrated that the ultimate shear strength 
of the adhesive was in excess of 2000 psi (1.38 x 10 ^ N/m^). This value is 
substantially higher than the ultimate shear strength of the rubber and meets the 
seal design requirements. 

b. Rubber Skive Joint Bond 

To preclude premature failure, the adhesive for the rubber 
skive joint bond must not only have good bond strength, but also have elongation 
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and durometer hardness similar to Gen-Shear 44125 rubber. Several candidate 
adhesive systems were comparatively evaluated. These included: 

Uralane 5735 (Furane Plastics, Inc.) 

Uralane 8309 (Furane Plastics, Inc.) 

EC- 1239, Class B (3M Company) 

Scotch-Grip 1300L (3M Company) 

Bostik 7074 and Boscodur 5 (United Shoe Manufacturing Co.) 

Quadruple lap shear specimens, as shown in Figure 35, 
each with four 0.30 x 2.0 x 2.0 (.0076 x .051 x .051 m) rubber pads, were pre- 
pared for evaluation. The rubber pad of each specimen contained 45° skive joints 
oriented parallel and perpendicular to the direction of force. The skive joints 
in the rubber pad were bonded with the candidate adhesives and then the pads were 
bonded to the steel plates with Chemlok 305 adhesive to form the specimen. 

The specimen test data. Figure 36, indicated that Uralane 
5735, Scotch-Grip 1300L, and Bostik 7074 adhesives resulted in the highest 
ultimate strength. Examination of the failure plane revealed that the physical 
characteristics of Uralane 5735 and Scotch-Grip 1300L adhesives were nearly similar 
to the Gen-Shear 44125 rubber. These specimens have no separation at the skive 
joint. Prior to final selection, two additional quadruple lap shear specimens 
were tested to confirm the reproducibility in shear characteristics of the Uralane 
5735 and Scotch-Grip 1300L adhesive systems. Examination of the specimen failure 
plane showed. Figure 37, that the skive joint with Uralane 5735 adhesive bond was 
intact while substantial separation of the Scotch-Grip 1300L adhesive joint 
occurred. Uralane 5735 adhesive was therefore selected for use in the rubber skive 
joint bond of the seal. 

2 . Bonding Process Evaluation 

a. Surface Preparation 

Since the use of masking materials is a necessity in seal 
processing, the degradation of bond strength on steel surfaces that have been in 
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contact with these materials must be evaluated. In this evaluation, steel sheets 
were Initially grit blasted and the surface of sets of two sheets were prepared 
as Indicated in Table X. Each set of two prepared steel sheets was bonded with 
Chemlck 305 adhesive to form test panels in accordance with ASTM D1002. Three 
specimens were machined from each panel and tested to determine the bond strength. 
The test results showed that the bond strength of primed steel panels, in all 
cases, was higher than bare steel panels. Bond surface in contact with either 
peel coat or teflon tape, however, did not significantly degrade the bond strength. 
These materials were acceptable for masking of component parts and fixtures during 
seal processing. 


Priming of the steel bond surfaces was desirable not only 
to attain a higher bond strength as indicated from specimen tests but also to 
protect the components from corrosion in the interim of seal processing. FM-47 
primer was selected for the preparation of the steel component bonding surfaces 
using the following procedure: 

(1) Abrade the surface with 100 grit zirconite abrasive 
to remove all traces of primer, rust, and foreign materials. 

(2) Clean the abraded surface with t rich lor oe thane solvent 
and rinse with methyl-ethyl ketone solvent. 

(3) Apply FM-47 primer and cure at 325 + 25°F (436 + 14°K) 

for two to four hours. 

Evaluation test performed by the rubber supplier, GT&R, 
indicated that the shear strength was substantially improved and failure occurred 
cohesively in the rubber when the rubber surface was treated with a chlorination 
solution. As part of the processing procedure in seal assembly, each rubber pad 
was prepared for bonding by treatment in a chlorination solution containing the 
following (by volume): 100 parts of distilled water, 3 parts of 5.25% sodium 

hypochlorite solution, and 0.5 parts of concentrated hydrochloric acid. Each 
rubber pad was scrubbed with hexane solvent and then submerged into the solution 
for five minutes. Subsequently, the pad was rinsed in distilled water and dried 
prior to bonding. 
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b. Adhesive Application 

Material, equipment, and processing techniques were verified 
to ensure that the application of adhesive during flexible seal assembly will meet 
the specified requirements. Procedures for mixing, spreading, and curing of 
adhesive were evaluated. 

The technique of adhesive mixing with the Semco mixer was 
demonstrated. A batch of Chemlok 305 adhesive consisting of 2000 grams each of 
parts -1 and -2, which is the amount required for each bonding operation of the 
seal, was mixed. The adhesive was dispensed into four trays, each with a varying 
duration of mixing. Lap shear test panels were prepared from adhesive mixed for 
the various durations. Specimen test results indicated that the adhesive shear 
strength increased from 1166 to 2813 psi (8.04 to 19.4 x 10 6 N/m 2 ) as a result 
of increasing the duration from 10 to 20 strokes of the mixer. A mixing duration 
equivalent to a minimum of 20 strokes of the mixer was specified for seal 
pro cessing. 


No evidence of exothermic reaction that would shorten the 
working life of the adhesive was apparent after the adhesive was dispensed into 
trays. The adhesive remained workable in excess of 1.5 hours after mixing. 

This working life is normally adequate for each bonding operation of the seal. 

A fixture. Figure 38, was used to evaluate the effects 
of spreading technique and bonding pressure on the resultant bondline charac- 
teristics. The bond surfaces were inclined at an angle of 40 degrees (.698 rad) 
from the centerline to simulate the flexible seal. Prior to applying adhesive, 
the rubber and steel bonding surfaces were coated with a release agent so that 
the adhesive layer could be removed for detailed examination. After adhesive was 
applied, a 25 to 28 in. Hg (8.44 to 9.45 x 10^ N/m 2 ) vacuum was drawn in the 
vacuum chamber prior to mating of the bonding surfaces. During the adhesive 
cure cycle, bond pressure was applied at the bond interface by means of external 
load. 
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Four sets, each containing two specimens, were processed 
for evaluation. From the results of this evaluation, the selected adhesive 
application procedure was: (1) spreading of the adhesive with a serrated trowel, 

(2) mating of the bond surfaces under a minimum of 25 in. Hg (8.44 x 10^ N/m^) 
vacuum, and (3) curing the adhesive with 5 psi (3.45 x 104 N/m^) bondline pressure 
and zero vacuum pressure. 

c. Nondestructive Test Method 

Nondestructive test techniques were evaluated for the 
detection of defects in the rubber pads and bond voids at the rubber- to-steel 

adhesive bonds. 


Generally, two types of defects occur in the rubber pad, 
voids or de laminations and inclusions. A pulse-echo ultrasonic (C scan) method 
was found to be effective in detecting voids and delaminations. In this method, 
each rubber pad was immersed in a fotoflow solution, removed and drained, and 
placed in a tray of distilled water. The ultrasonic signal is transmitted through 
the pad by a transducer. Any defects indicated by a change in signal is auto- 
matically recorded in a full scale map of the pad as the surface of the pad is 
scanned. The procedure for this inspection method is described in Appendix C. 
Foreign inclusions in rubber pads were detected by conventional radiographic 
techniques . 


In the detection of bondline defects, ultrasonic and laser- 
speckle Inspection techniques were the promising methods. The laser-speckle 
method was a candidate for detection of bond defects from the rubber surface. In 
this method, the surface of the bonded elastomer is illuminated with a laser beam, 
which produces a distinct speckle pattern on the surface. When the surface is 
deformed slightly with a probe, the pattern shifts noticeably in the area around 
the probe. When an unbonded area exists below the probe, the speckle pattern 
shift is greater. The accuracy and sensitivity of this method are related to the 
thickness and hardness of the elastomer. Because of the low modulus and 0.3 in. 
(.076 m) thickness in the seal rubber pad, the results obtained could not be 
readily interpreted. 
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A conventional contact pulse-echo ultrasonic technique was 
found to provide a high degree of accuracy in the detection of bond voids from 
both the rubber pad and the metal shim surfaces. In this method, distilled water 
was used to maintain acoustic coupling between the face of the transducer and the 
contact surface. A procedure for this inspection technique was prepared and is 
described in Appendix C. This technique was selected for use in the inspection of 
bond defects during seal processing. 

3. Process Demonstration Ring 


Two full scale steel shims were bonded to a prototype rubber 
layer to verify the process procedures and tooling intended for the fabrication 
of the flexible seal. Surface preparation, adhesive system, and bonding procedure 
duplicated those intended for seal fabrication. 

Eight rubber pads were chlorinated and positioned on the seal 
forward flange in the assembly bond fixture. The pads were bonded with Uralane 
5735 adhesive to form a circular rubber layer. Mating of the pads was found to 
be satisfactory without machining of the interface edges. The resultant mismatch 
was within acceptance limits . 

A steel shim was bonded to the rubber layer with Chemlok 305 
adhesive. This shim was mechanically attached to the seal aft flange on the 
assembly bond fixture as shown in Figure 39 to simulate conditions in the 
initial bonding sequence of the actual seal fabrication. Subsequently, a steel 
shim was bonded to the other face of the rubber layer duplicating the entire bonding 
process procedure. 

After completion of each bond, nondestructive tests were performed 
to determine the bond integrity. Using the ultrasonic method, a 0.5 in. (.0127 m) 
unbonded area was detected by inspection through the rubber layer. Subsequent 
dissection of the ring confirmed the size and location of the defect. Inspection 
for voids in the second bondline also used an ultrasonic method. No indication 
of bond defects was obtained in inspection of this bond. 
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Visual inspection of the completed process demonstration ring 
revealed a 90° (1.57 rad) arc of mismatch between the rubber layer and the steel 
shims. The mismatch resulted from displacement of the rubber layer by inadvertent 
contact with the bond fixture during the bonding process. Modifications of the 
assembly tooling were made, as discussed in Section IV. B, to prevent recurrence of 
this problem and to provide more positive alignment of the parts during bonding. 

Ten lap shear specimens were machined from the process demonstration 
ring and tested to determine the adhesive bond strength and rubber characteristics. 
Three specimens have axial skive joints. Each specimen was 2 in. (.051 m) wide and 
was machined from the cross-section of the ring as shown in Figure 40. The speci- 
men deformation during test is shown in Figure 41. Six specimens failed in a shear 
plane through the rubber with ultimate shear stress and strain levels in excess of 
600 psi and 700%, respectively. Table XI. However, four specimens which were from 
the same quadrant of the ring exhibited low ultimate shear properties. Visual 
inspection of these specimens revealed adhesive failure at the interface between 
the steel and the FM-47 primer. The cause of this was apparently from contamination 
of the surface by use of impure solvent combined with insufficient covering with 
FM-47 primer. Procedures for processing of the flexible seal were changed to 
incorporate the use of reagent grade methyl-ethyl-ketone solvent and the appli- 
cation of two spray coats of FM-47 primer with an intermediate drying cycle between 
coats on all steel components. 

V. TASK III - FABRICATION 

A. FLEXIBLE SEALS 

1. Metal Parts 


A total of ten metal shims and two sets of end rings were 
fabricated by Oakland Machine Works. In addition to the eight metal shims 
required for the two flexible seals, two shims were used in fabrication of the 
process demonstration ring of Task II. 
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All of the metal components were machined from rolled- ring 
forgings of AISI 4130 steel. The steel forgings were heat treated to a minimum 
yield strength of 70,000 psi (4.83 x 10 8 N/m^) at 0.2% offset. 

Because the components were comparatively flexible, dimensional 
inspection was performed while the part was held rigidly on the turning lathe 
after completion of final machining. In the case of the metal shim, the part 
was completely machined except for a holding tab, which was parted after completion 
of inspection. The completed metal shim is shown in Figure 42. Dimensional 
inspection data indicated no discrepancies from the designed tolerance specified 
in the engineering drawing. 

Prior to acceptance, each completed part was inspected by the 
fabricator using the magnetic particle method. No surface defects were observed 
and all the parts were accepted for use in fabrication of the seals. 

2. Rubber Pads 


Fabrication of rubber pads was performed by General Tire and 
Rubber Company at the Wabash, Indiana facilities. Prior to initiation of pro- 
duction, two tasks were completed by the fabricator in support of the fabrication 
effort. These tasks were to establish the curing procedure and the quality control 
acceptance criteria, and to design and fabricate the production mold. 

Two lots of Gen-Shear 44125 rubber were characterized to establish 
the optimum cure time for fabrication of the 0.3 in. (.0076 m) thick rubber pads. 

In determining the optimum cure time, Rheometer tests were initially used to 
obtain the degree of cure with time for a selected cure temperature of 280°F 
(411°K). Full cure was found to develop between 60 to 90 minutes for the Lot 21 
material and 45 to 70 minutes for the Lot 23 material. Subsequently, 4 x 4 x 0.3 
in. (.102 x .102 x .0076 m) slabs of rubber were cured at these durations and 
tested in compression in accordance with the procedure specified in Table XII. 
Compressive load at 25% strain versus cure time was plotted as shown in Figure 43. 
Optimum cure time which corresponds to maximum load was 70 and 60 minutes for 
material Lots 21 and 23, respectively. 
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The test slabs' cured at the optimum duration were tested to 
obtain compression-deflection curves for each lot of material. Acceptance limits, 
Figure 44, were established which are +10% of the average values for the two 
lots of materials tested. When compression test results of the quality control 
specimen which were cured along with the seal rubber pads, are within these 
limits, the seal pads are considered correctly cured and acceptable. 

Production of the rubber pads used a two-cavity mold, which 
consists of three separate plates. The bottom plate has cavities for molding 
two pads and the 4x4 in. (.102 x .102 m) quality control specimen. The center 
plate has 24 sprues for transferring the raw material from the pot on top of the 
center plate into the cavities. The center plate is rigidly attached to the 
bottom plate by bolts. The top plate has a ram to force the uncured stock from 
the pot through the sprues. During the molding operations, the three plates are 
positioned between heated platens of a hydraulic press which exerts the molding 
pressure. 


Initially, ten rubber pads were fabricated to checkout the 
processing procedure and to determine dimensional conformance of the cured part. 
Subsurface blisters were evident in each of these pads. Most of the blisters 
were 0.06 to 0.12 in. (.0015 to .0030 m) with an occassional one as large as 0.5 
in. (.0127 m) . The blisters were caused by the swirling action of the raw 
stock being injected into the cavities which resulted in air entrapment. The 
mold was reworked to remedy this problem. Pressure seals were incorporated so 
that a 26-in. Hg (8.78 x 10^ N/m^) vacuum pressure can be applied to the mold 
cavities during cure. Some of the sprues were closed to change the swirl pattern 
of the material entering the cavities. The ram pressure was increased to 900 psi 
(6.21 x 10 6 N/m^). Incorporation of these changes greatly reduced the frequency 
of occurrence of the blisters. 

Prior to acceptance of the rubber pads for use in the flexible 
seal, each individual pad was subjected to ultrasonic and radiographic inspections. 
Internal defects, such as voids, inclusion, and undispersed carbon black that may 
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adversely affect the performance of the seal were the criteria for rejection. 
Twenty-six pads were found to have undispersed carbon black and voids greater 
than 0.20 in. (.0051 m) . These pads were rejected and were used for the process 
demonstration task only. Replacements were fabricated to obtain sufficient pads 
for the two production seals. 

3. Elastomeric Boot 


The fabrication of the elastomeric boot consisted of hand layup 
and autoclave cure of Gen-Gard V-45 rubber on quarter section mandrels. The cured 
quarter sections were spliced with a layup of a cushion of uncured V-45 on the 
splicing surfaces. The parts were positioned in a splicing jig, and the splice 
was cured at 300°F (422°K) temperature and 500 psig (3.45 x 1C)6 N/m2) pressure . 

Tests were performed by the fabricator, Holz Rubber Company, 
to evaluate the mechanical properties of V-45 material spliced by this procedure. 
Three specimens of V-45 incorporating the splice joints and three specimens with- 
out joints were prepared and tested in accordance with Federal Standard 601 , 
Methods 4111 and 4121, Die #3 to determine the tensile properties. Minimum 
tensile strength and elongation of 1275 psi (8.79 x 10^ N/m^) and 500%, respec- 
tively, were obtained for specimens with the splice joint, as shown in Table XIII. 
These values met the design requirements of the elastomeric boot with a high 
margin of safety. 


The completed boot was inspected dimensionally and radiographically 
prior to acceptance. Dimensional inspection of both boots revealed that all 
dimensions were within designed tolerances. Radiographic inspection of the boots 
indicated that some delaminations existed at the ends of the boot and at the 
S-section. Since these delaminations were generally in a plane parallel to the 
surface, failure of the boot resulting from them is unlikely. Because of the 
difficulty in repairing the defects, only the defects that may impair the performance 
of the boot were repaired. In the second boot, five void areas were repaired by: 

(1) removing the void by grinding, (2) filling the area with uncured V-45 rubber, 
and (3) locally vulcanizing the rubber in the repair area. 
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4. Seal Assembly 

In assembly of the flexible seal, each component was successively 
bonded to the other starting at the aft end ring. The aft end ring was attached 
to the top portion of the assembly bond fixture by the shafts of the air cylinder. 

The forward end ring was positioned on the base of the fixture. A steel shim 
was placed on the forward ring as shown in Figure 45 to serve as a guide for the 
bonding of the rubber pads. Eight pads, previously prepared with the chlorination 
treatment, were positioned on the steel shim and bonded at the skive joint with 
the Uralane 5738 urethane resin. After cure, each skive joint was visually 
Inspected to determine the mismatch at the joint and the voids on the surface. 

All voids were repaired by filling with the urethane resin. 

Subsequently, Chemlok 305 epoxy adhesive was applied on the 
mating surface of the aft end ring and the rubber layer. A typical procedure 
for applying and spreading adhesive on the surface of the component that rests 
on the base of the fixture is depicted in Figures 46 and 47. Similarly, the 
applying and spreading of adhesive on the mating surface of the component that is 
attached to the top half of the fixture is shown in Figures 48 and 49. A serrated 
spreader was used to regulate the amount of adhesive to be deposited on the surface. 
After completion of adhesive application, the top half of the bond fixture was 
inverted and mated with the bottom half as shown in Figures 50, 51, and 52. Finally, 
the fixture was positioned for adhesive cure under vacuum pressure and mechanical 
load, Figure 53. 


Visual and ultrasonic inspection of each bondline was performed 
after completion of cure. Flat panels that were bonded with each adhesive bond 
cycle were machined into lap shear specimens and tested to evaluate the adhesive 
curing characteristics. Adhesive cure characteristics and ultrasonic inspection 
results for both seals are summarized in Table XIV. 

Some discrepancies from specified requirements were noted in the 
first seal to be fabricated. A mismatch of 0.080 in. (0.002 m) occurred at the 
inside diameter between the seal upper flange and the first rubber layer. This 
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problem was remedied by rework of the assembly fixture to provide for more 
accurate alignment in the centering of the parts during bonding. Ultrasonic 
inspection of the first bond indicated seven unbonded areas, each approximately 
0.5 in. (.0127 m) dia and located 0.5 to 1.0 in. (.0127 to .0254 m) from the 
inside diameter edge. This condition resulted from inadequate filling of the 
voids due to the rapid release of vacuum pressure. The process procedure was 
subsequently revised to allow for a slow release of vacuum pressure and to 
apply a thicker coating of adhesive on the bond surfaces. With the incor- 
poration of the revised procedures, only one other unbonded area, 0.5 in. (.0127 m) 
by 2.0 in. (.051 m) was observed from ultrasonic inspection on the remaining bonds. 
This unbonded area, which was at the edge of the rubber layer, was repaired by 
filling with Chemlok 305 adhesive. 

Results of adhesive curing characteristics indicated that the 
adhesive strengths of bond sequence No. 2 and 3 for seal No. 1 were lower than 
expected (see Table XIV). Although the lowest bond strength still provided a 
safety factor greater than 2.0 on the seal design, the lot of Chemlok 305 adhesive 
with which the low strength was obtained was isolated. This lot of adhesive was 
removed from further use in seal fabrication. 

After completion of the adhesive bond operations, both seals 
were cleaned by gritblasting to remove extruded adhesive. The completed seal is 
shown in Figures 54 and 55. Measurements were taken at 10 locations equally 
spaced around the seal circumference to determine the variation of seal height and 
concentricity between the end flange rings. The measurements are tabulated in 
Table XV for both seals. Seal No. 1 had a maximum height variation of 0.085 in. 
(.00216 m) and a concentricity variation of 0.041 in. (.00104 m) , while seal No. 

2 had a maximum height variation of 0.005 in. (.000127 m) and a concentricity 
variation of 0.072 in. (.00183 m) . This magnitude of variation can be expected 
for a seal of this size and will not affect the seal performance. 

The elastomeric boot was installed on the seals to complete the 
flexible seal assembly (Figure 56). The boot was not installed on seal No. 2 
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until after completion of functional tests conducted under Task IV to facilitate 
visual inspection of the seal after test. On seal No. 1, however, the boot was 
installed prior to the start of testing to determine comparatively the effects of 
the boot on seal performance. The processing procedure for the installation of 
the boot was as follows: 

a. Clean bare steel surfaces by light sandblasting and wipe 

with MEK solvent. 


b. Prime steel surfaces with GACO N-ll primer except rubber 
surfaces and areas for bonding to the boot. 

c. Apply a minimum of two coats of GACO Flexmarine (Hypalon) , 
material on the O.D. and I.D. surfaces except bonding areas. 

d. Install and bond the elastomer boot to both ends of the 

flexible seal with adhesive. 

e. Fill the cavity between the boot and the seal with a low 
viscosity silicone grease. 

B. ASSEMBLY TOOLING 


Five principal tool items were fabricated for use in the assembly 
processing of the flexible seals. These tools were: 

1. Lift and rotate fixture 

2. Shim lift fixture 

3. Handling cart 

4. Boot bonding fixture 

5. Vacuum bonding fixture 

The largest fool item was the vacuum bonding fixture, which was fabricated by 
Conseco Division of Whittaker Corporation, San Leandro, California. 



All of the tooling performed satisfactory for the intended application 
except some rework was done on the bonding fixture. Rework on the assembly bonding 
fixture was made to remedy problems observed during fabrication of the process 
demonstration ring. This rework included: (a) increase the number of alignment 

adapters from 4 to 8 and structurally reinforce the adapters, (b) replace the air 
cylinder extension shafts, (c) provide supports to prevent shifting of the seal end 
flange during inverting, and (d) incorporate mechanical clamps for sealing of the 
fixture and reacting the force applied during the adhesive bond cure cycle. The 
rework was completed prior to the start of seal fabrication. 

The shim lift fixture was initially designed using magnetic pads for 
the lifting force. Because of the high angle on the shim surface, however, the 
pads have a tendency to slide on the shim surface. To provide a more positive 
means of holding at the lift points, the fixture was redesigned using the suction- 
cup concept. Three segments, approximately 14- in. (.355 m) long were machined 
from the process demonstration ring for this purpose. Vacuum fittings and gaskets 
were incorporated on each segment to form a surface seal. Vacuum was drawn at the 
interface between the segment and the shim. This revised fixture performed well 
in lifting the shim throughout processing. 

C. TEST FIXTURE 

The seal test fixture was fabricated by Oakland Machine Works using 
rolled and welded T-l steel plates. Pressure vessel grade steel in 4.0 in. (.102 m) 
thickness was used for the tank and base structure of the fixture, while structural 
grade steel was used for all unpressurized components. All welds were inspected by 
radiographic and magnetic particle methods. A repair weld was made after a crack 
was detected on the weld between parts -204 and -205 (see Figure 23). 


All mating surfaces were machined to meet the designed dimensions. 
Because of the close tolerance requirement for sealing between the piston and 
the cylinder components of the fixture, a trial assembly of these components was 
performed by the fabricator. The diametral clearance between the piston and 
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cylinder components was 0.009 to 0.012 in, (2.28 to 3.05 x 10 “ 4 jn) . This clearance 

was acceptable for the 0-ring seal. 

During preparation of the test fixture for seal testing, cracks were 
visually detected on the surface of the welds between the actuation lug and the 
tank structure and at the cylindrical wall of the tank structure as shown in Fig- 
ure 57. Longitudinal and transverse cracks were observed on the actuation lug 
welds. A. longitudinal weld crack, Figure 58, was observed in the region of the 
cylindrical wall where repair welding had been accomplished. None of these weld 
cracks was indicated on X-ray films from radiographic inspection. Because of the 
uncertainty on the depth of the weld cracky, the test fixture was returned to the 
fabricator for further examination and rework. 

After the test fixture had been returned to the fabricator a complete 
radiographic inspection was made of the circumferential weld in which cracks 
had been visually observed. All detectable weld cracks from both visual and 
radiographic inspections were removed by grinding. Weld repairs were made in 
these areas under conditions of stringent control on preheat and welding techni- 
ques. Subsequent radiographic inspection indicated excellent penetration of the 
repair welds and no additional cracks in the weld. 

To provide an indication of the stress level within each weld in the 
test fixture, a stress analysis was conducted using the finite element method. 

Stress levels for both the high pressure and vectoring conditions were obtained. 

The results are summarized in Table XVI and indicated a varying stress of 20,282 
psi (1.4 x 10 8 N/m^) occurred at the weld between parts -204 and -205. This 
stress level is substantially below the anticipated weld strength of 70,000 psi 
(4.83 x 10 8 N/m.2). 

Dimensional inspection of the test fixture after weld repair indicated 
that an ovality existed on the inside diameter of part -205. Diameter measurements 
varied between 108.256 in. to 108.285 in. (2.7497 to 2.7504 m) at the area where the 
0-ring seals. To eliminate possible interference with the piston, the diameter of the 
bore was machined to a minimum of 108.268 in. (2.7500 m) . Further dimensional tolerance 



analysis reyealed that the sealing capability of the O-ring was inadequate under 
the worst tolerance condition. Therefore, O-rings with an increased cross 
sectional diameter to provide the proper squeeze were used with the reworked 
fixture. 

VI. TASK IV - TESTING 
A. TEST SETUP 

The flexible seal test program was conducted in the Structural Test 
Laboratory using the Universal Test Cell and the Instrumentation and Control 
Center. The seal test fixture was installed in the test cell and the base cylinder 
of the fixture was leveled and welded to the floor plate of the test cell. A 
hydraulic jack for lifting and lowering the piston of the test fixture was bolted 
to the floor plate. 

The flexible seal was assembled to the test fixture as depicted in 
Figure 59. With the seal properly assembled, motor loads on the seal were simulated 
by pressurizing the fixture with nitrogen gas. A pressurized area of the fixture 
was selected to provide the required ejection force on the seal. Simultaneously, 
the same gas pressure acted on the outside diameter of the seal. To obtain the 
seal behavior that is directly applicable to the expected performance on the 
260 in. (6.6 m) motor nozzle, the actuator attachment points on the fixture were 
located identically to the nozzle design. 

1. Proof Pressure Test 


For the proof pressure test, the -301 lower platen, or piston, 
of the test fixture was bolted to the bottom of the -401 upper platen assembly, 
as shown on the right hand side of Figure 59. In this configuration, the motor 
loads of ejection force and chamber pressure acting on the seal were both simu- 
lated by pressurization of the fixture. A schematic diagram of the gas pressure 
system for this test is shown in Figure 60. 
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Instrumentation was installed to determined the shim compressive 
stress and axial deflection of the seal at various pressure levels. Four biaxial 
strain gages were placed 90° (1.57 rad) apart on the inner circumference of the 
middle shim as shown in Figure 61. Strain data were recorded manually using 
BLH SR--4 strain indicators. Axial deflections of the seal were obtained using 
dial indicators at 90°(1.57 rad) locations. Figure 62. Reading of the indicators 
was done remotely utilizing closed circuit television. The equipment for monitoring 
the instruments and recording the data is shown in Figure 63. Test pressure was 
measured with two 0-1500 psi pressure transducers. The output from the transducers 
was continuously recorded on an oscillograph. Control of the test pressure was 
accomplished manually using a hand valve and the pressure gage for reference. 

Figure 64. 


Figure 65. 


The test setup for the seal proof pressure test is shown in 


2 . Vectoring Tests 


The test fixture configuration for the seal vectoring test is 
depicted on the left hand side of Figure 59. In this configuration, the -301 
piston was lowered away from the upper platen and the bolt holes were sealed with 
pipe plugs. To eliminate the possibility of loading the seal in tension in this 
configuration, the fixture was equipped with three adjustable support arms, 
which transferred the weight of the upper platen assembly to the tank structure 
of the fixture and bypassed the seal. 

In the vectoring configuration, the increase in pressurized 
area required that the test pressure be reduced to attain the proper ejection 
force on the seal. Thus, while ejection force was of the correct magnitude during 
vectoring test, the chamber pressure on the seal external surface was necessarily 

low. 
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An 8 in. (.203 m) dia hydraulic cylinder with servovalve control 
capability was used to deflect the seal during vectoring test. Operating at 
3000 psi (2.07 x 10^ N/m^) hydraulic pressure, the actuator has a 120,000 lb 
(5.35 x U)5 N) force capability and a +12 in. (.305 m) stroke. A Dennison 
hydraulic pump having a flow capability of 20 gpm (.00126 m^/sec) at 3000 psig 
(2.07 x 10 7 N/m2) pressure supplied the actuator. A schematic diagram of the 
actuation system is depicted in Figure 66. 

The desired deflection angle/actuator stroke program was 
plotted on R-I Controls Type MCR48-1010 graph paper. This paper was placed on 
the drum of a Model FGE 5048 Data-Trak Programmer (Research Incorporated) . The 
output from the programmer was fed into a Model LC 5131 Servac servo-controller 
(Research Incorporated), which controlled a Raymond Atchley, Inc., Model 425, 

25 gpm servovalve. One of the R-I Controls Model 7101-16 displacement trans- 
ducers on the actuator was connected to supply feedback signal to the servo- 
controller. 


In addition to strain gages for measurement of shim stresses, 
other instrumentation was incorporated for the vectoring test. Deflection 
potentiometers were used to measure the actuator stroke position. Actuation 
load was measured by a Morehouse-ring load cell, which was integrally assembled 
to the actuator. Supply and return line pressure and the differential pressure 
across the hydraulic actuator, as well as gas pressure on the test fixture were 
measured by Tabor pressure transducers. A tabulation of the type and range of 
instrumentation used is shown in Table XVII. 

To obtain the seal performance characteristics, movement of 
two selected points on the test fixture was measured. These points are denoted 
as E and F on Figure 59. Two deflection potentiometers were connected to each 
point and attached to a fixed bracket on the other end at a predetermined angle 
as shown in Figure 67. During vectoring, the change in length of each potentio- 
meter was measured and the X and Y coordinates of these points were calculated. 

From the calculated positions of these two points, the axial and lateral deflection, 
rotation angle, pivot point location, and rotational torque of the seal were 
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analyzed by the procedure outlined in Appendix D. This procedure was programmed 
into the computer for solution. 

A photograph of the test setup for conducting the seal vectoring 
test is shown in Figure 68. 

B , TEST PROCEDURE 

1. Seal Measurement 


Height and lateral measurements of the seal were taken as shown 
in Figure 69, at specified steps of the test procedure to determine if the free- 
state configuration of the seal was significantly changed during test. The 
height measurements were made with a vernier height gage at 45° (.785 rad) 
intervals, while lateral measurements were taken with a micrometer at four places, 
90° (1.57 rad) apart. The initial measurements, which were used as a reference, 
were made with the seal bolted to the -401 upper platen of the test fixture. After 
assembly of the seal to the fixture, the setscrews in the three support arms of the 
fixture were adjusted to obtain a satisfactory match to the referenced height 
measurements. Subsequently, seal measurements were taken after completion of the 
proof pressure and vectoring tests and after each phase of the destructive tests. 

In addition, the inside diameters of the seal at locations that 
corresponded to the above lateral measurements were measured before and after 
completion of all the tests to verify the free-state configuration of the seal. 

2. Leak Test 


Leak test on the seal was conducted prior to functional test and 
after each step of pressure and vectoring tests. Prior to the start of pressure 
test, a mixture of nitrogen and helium gas was used to pressurize the test fixture 
to 100 pslg (6.9 x 1 0 5 N/m^). After holding at this pressure for 2 min. the pres- 
sure was reduced to 30 psig (2.07 x 10^ N/m^). At this pressure, a CEC Model 24- 
120A Helium Leak Detector was used to inspect the inside diameter of the seal for 



leakage. In both pressure and vectoring test sequences, leak tests were performed 
using a helium leak detector. 

3. Functional Test 


Functional tests were performed on both flexible seals, Seal SN 
01 with the elastomer boot in place and Seal S/N 02 without the boot. 

a. Pressure Proof Test 

Following a satisfactory leak test, the pressure in the 
fixture was incrementally increased to 200, 400, 600, 735, and 850 psig (1.38, 
2.76, 4.14, 5.06, and 5.86 x 10 6 N/m 2 ). The pressure was maintained at each 
level to record strain gage and seal deflection data. At the 850 psig (5.86 x 
10 6 N/m 2 ) pressure level, both the ejection force and pressure load acting on the 
seal were equivalent to 115% of the 260-in. (6.6 m) motor ME0P loads. 

b. Vectoring Test 

In the vectoring configuration of the fixture, a 2.2 psig 
(1.52 x 10* N/m 2 ) pressure was maintained to balance the weight of the fixture 
upper platen prior to removal of the support arms in preparation for vectoring 
test. This pressure was considered the reference "zero" condition, and seal 
height and lateral measurements were taken in this condition during vectoring 
tests . 


A series of vectoring tests to a +2° (.0349 rad) deflection 
angle was conducted on the pitch and yaw planes of the two seals as indicated in 
Table XVIII. In the 0-180° (0-3.14 rad) plane, duty cycle A tests were performed 
at pressure levels of 2.2, 30, 58, 87, and 111 psig (1.52, 20.7, 40.0, 60.0, and 
76.5 x 104 N/m 2 ). At the 111 psig (76.5 x 10^ N/m 2 ) pressure level, the ejection 
force acting on the seal was equivalent to 115% of the motor MEOP load. In addition, 
duty cycle B tests were performed at pressure levels of 40 and 2.2 psig (27.6 and 
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1.52 x 10 4 N/m2). The tests on the 90-270° (1.57-4.71 rad) plane were identical 
except that the duty cycle A tests with 30 and 87 psig (20.7 and 60 x 104 N/m^) 

pressure were omitted. 


The duty cycles and the points at which data were subsequently 
reduced are shown in Figure 70. Duty cycle A consisted of a series of 0.5° (.00873 
rad) incremental steps through plus and minus 2° (.0349 rad) with a hold of approxi- 
mately 3 seconds at each level. The vectoring rate between levels was approxi- 
mately 0.25° (.00436 rad) per second. Duty cycle B contained 10 cycles of +1° 

(.0175 rad) followed by 10 cycles of +2° (.0349 rad) deflection angle. The maxi- 
mum vectoring rate attained was 0.5° (.00873 rad) per second, and the rate was 
normally between 0.4° (.00698 rad) and 0,5° (.00873 rad) per second. 

Since the seal deflection angle was controlled by the 
actuator stroke, a vectoring test was initially performed to establish the 
relationship of deflection angle and actuator stroke. A test cycle at 2.2 psig 
(1,52 x 10 4 N/rn2) pressure and a predicted 1.5° (.0262 rad) deflection angle was 
performed. The calculated deflection angle by computer analysis was obtained to 
correlate with the measured actuator stroke. From this relationship, the stroke 
for a 2° (.0349 rad) angle was predicted for use in the subsequent vectoring tests. 

The actuator null position changed with chamber pressure 
as a result of the axial deformation of the seal. To determine the null position 
of the actuator at each test pressure level, an additional test was performed 
by pressurizing the chamber to the required pressure level with both sides of the 
actuator vented to atmosphere. The average actuator stroke position from ascending 
and descending pressure tests was taken as the null position for that pressure 
level. 


4. Destructive Test 


Destructive test was performed on Seal S/N 01 with the elastomeric 
boot ‘ installed and following completion of the functional tests. Three types of 
tests were included: vectoring, fatigue, and pressure tests. 



a. Vectoring Test 

The seal was deflected to +3° (.0324 rad) and +3,5° (.061 
rad) at two test pressures, 30 and 87 psig (20.7 and 60.0 x 104 N/m^) . The 87 
psig (60,0 x 10^ N/m2) pressure resulted in an ejection force which was equivalent 
to 90% of the 260-in. (6.6 m) dia motor MEOP load. A duty cycle A program was 
used in each test sequence. In the preparation of the Data-Trak trace for these 
tests, the nonlinearity in the relationship between deflection angle and actuator 
stroke revealed from functional test data was incorporated. 

b. Fatigue Test 

Approximately 1000 cycles of flexible seal rotation at a 
chamber pressure of 30 psig (20.7 x 104 N/m2) was performed during this test. 

The duty cycle consisted of 500 cycles of +1° (.0175 rad) followed by 500 cycles 
of +2° (.0349 rad) deflection. During fatigue test only the actuator stroke, load, 
and hydraulic pressure were recorded on the oscillograph trace. 

c. Pressure Test 

The test fixture was reconfigured to the proof pressure test 
position prior to the initiation of this test. A turbine oil was used as the 
pressurizing medium to minimize the amount of stored energy to be dissipated in 
the event of rupture. In this test, the chamber pressure was increased from zero 
to 1140 psig (7.86 x 106 N/m2) , held for 2 minutes, and then reduced to zero. The 
maximum pressure is equivalent to 150% of the MEOP ejection force and chamber 
pressure for the 260 in. (6.6 m) motor. During the hold period, the pressure gage 
was monitored for evidence of leakage. 

C. TEST RESULTS AND ANALYSIS 
1. Seal Measurements 


Height and lateral measurements of the seal are tabulated in Tables 
XIX and XX. The data indicated no significant change occurred in the seal dimensions 
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even after completion of destructive tests. The variation in the measurements 
was generally less than 0.01 in. C. 000254 m) . This magnitude of variation is 
not expected to have any effect on the seal performance. 

Pretest and posttest measurements at the inside diameter of 
the seal are shown in Table XXI. The maximum difference between the measure- 
ments was 0.03 in. (.00076 m) which is extremely small in proportion to the 

diameter of the seal. 

2. Leak Test 


No evidence of gas leakage through the seal was observed during 
all phases of testing. In the high pressure tests, no pressure drop was noted 
from visual observation of the pressure gages during the hold period. Also, 
helium leak detection at pressures below 30 psig (20.7 x 10^ N/m^) indicated no 

leakage. 


3 . Functional Test 


a. Proof Pressure Test 

(1) Axial Deflection 

Both seals were proof tested at loads up to 1.15 times 
MEOP [850 psig (5.85 x 10^ N/m^) external pressure and 1.15 x 10^ lb (5.11 x 10^ N) 
ejection force]. Axial deflection of the seals obtained from dial gage measurements 
are tabulated in Table XXII. The average deflection is plotted versus ejection load 
In Figure 71. Comparison of seals S/N 01 and S/N 02 data indicated a close agree- 
ment in the magnitude of deflection and the hysteresis characteristics. Deflections 
of 0.140 and 0.148 in. (.00356 and .00376 m) occurred at maximum ejection load 
which is substantially lower than the predicted deflection of 0.235 in. (.00597 m) . 
Comparison of deflections between increasing and decreasing pressure cycles indicated 
that the hysteresis characteristic is the reverse of that normally expected. This 
reverse hysteresis characteristic apparently resulted from a change in the frictional 
force of the test fixture 0-ring seals. 
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(2) Shim Compressive Stress 

From the recorded strain gage data, the compressive 
hoop stress of the steel shim was calculated and is tabulated in Table XXIII. A 
plot of the average stress versus ejection load is shown in Figure 72. The values 
of stress were identical for the two seals. A linear relationship of stress versus 
ejection force was obtained, and a maximum compressive stress of 40,000 psi (2.76 x 
10 8 N/m2) occurred at 1.15 x 10® lb (5.11 x 10® N) ejection force. This magnitude 
was slightly lower than the predicted compressive stress of 42,800 psi (2.95 x 
10® N/m^) for a one million pound (4.45 x 10 N) ejection force. 

b. Vectoring Test 

(1) Axial Deflection 

The axial deflection of the seals in the vectoring 
configuration was obtained as computer output data from the seal performance 
analysis. As shown in Figure 71, the axial deflection was twice that obtained 
from proof pressure test for equivalent ejection loads. This fact was substan- 
tiated by direct dial gage measurements in both test configurations. The difference 
in deflection was apparently due to a lower external pressure acting on the seal in 
the vector test configuration. As depicted in Figure 17, a lower external pressure 
results in a higher shim rotation and effectively "flatens" the shim. This effect 
reduces the equivalent shim thickness and decreases the distance between the end 
flanges of the seal. From this standpoint, the axial deflection of the seal 
obtained from pressure test is more realistic and should be used in nozzle design. 

(2) Shim Compressive Stress 

The higher shim rotation that occurred during vectoring 
test was confirmed by a higher shim compressive stress as compared with the proof 
pressure test data for the same ejection load. Comparison of the compressive 
stresses in Figure 72 indicates that a 20% higher stress existed for the vector 
test condition. The data also showed a slight deviation from a linear relationship 
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with ejection, load. The stresses calculated from strain gage data for the null 
position of both seals are tabulated in Table XXIV. Close agreement between the 
two sets of stress values was obtained. 

During a +2° (.0349 rad) seal deflection with 1.15 
million lb (5.11 x lO^N) ejection load, approximately 25,500 psi (1.76 x 10& N/m 2 ) 
hoop compressive stress is either added to or subtracted from the neutral position 
stress. This value of stress, which is due to seal rotation alone, is substantially 
higher than the 8,000 psi (5.52 x 10 2 N/m 2 ) predicted. As a result, the total 
hoop stress in the shim with the combined maximum vectoring and ejection loads, 
was at the limit of the allowable material yield strength of 70,000 psi (4.82 x 
10 8 N/tn 2 ). However, with a higher external pressure acting on the seal in the 
actual motor condition, the maximum shim stress would be reduced to 65,600 psi 
(4.52 x 10 8 N/m 2 ) for the 115% MEOP loads. 

The variation of compressive hoop stress in the steel 
shim with test pressure is shown in Figure 73. This hoop stress resulted from 
the combined pressure and vectoring loads at 2° (.0349 rad) seal deflection angle. 
The stress level at +2° (+.0349 rad) deflection was approximately 8,000 psi (5.52 x 
10' N/m 2 ) higher than -2° (-.0349 rad) deflection. The difference resulted from 
the. actuation force. In the case of a +2° (+.0349 rad) deflection, the actuation 
force is additive to the ejection load and causes a higher shim rotation. The 
reverse is true of a -2° (-.0349 rad) deflection. Comparison of the data between 
the two seals indicated that the hoop stress was approximately the same and not 
significantly affected by the elastomeric boot. 

(3) Actuation Torque 

The variation of actuation torque with deflection 
angle is shown in Figures 74 and 75 for seals S/N 01 and 02, respectively. The 
actuation torque was for an ejection load of 1.15 x 106 lb (5.11 x 10 8 N) . The 
variation was nearly linear and the hystersis characteristic was normal. The 
torque for +2° (.0349 rad) deflection of seal S/N 02 was 4.98 x 10^ in. -lb (5.62 x 
10- N-m) , which is in good agreement with the design torque of 5.0 x 10^ in. -lb 
(5.65 x 105 N-m) for a one million lb (4.45 x 10^ N) ejection load. 



The torque for a given deflection angle was not a 
constant, but varied with ejection load. For +2° (.0349 rad) deflection, the 
variation of torque with ejection load is plotted in Figure 76. Although 
generally the variation is similar, indicating the torque is maximized and then 
decreased with further increase in ejection load, the magnitude of torque was 
slightly different for the plus and minus directions of actuation, as well as 
for the two planes of actuation. The variation in torque for a given ejection 
load was approximately 10% for seal S/N 02 and 4% for seal S/N 01. The dif- 
ference was attributed to the null angle that existed in the seals. As expected, 
the actuation torque for seal S/N 01 was higher than for S/N 02 at the same 
ejection load because of the added stiffness of the elastomeric boot. Using 
an average torque for comparison, the increase in torque resulting from the boot 
was 11 to 15%. 


(4) Pivot Location 

Movement of the seal pivot point during vectoring 
was obtained. Figure 77 shows the typical pivot point excursion for +2° (.0349 
rad) deflection at zero, 0.6, and 1.15 million lb (0, 2167, and 5.11 x 10° N) 

ejection load. Although a clear trend in movement of the pivot point as a function 
of deflection angle can not be established, the grouping of the points occurred 
within a relatively small area, especially for higher ejection loads. It is 
recognized that the method of pivot point calculation is highly sensitive to any 
small change in seal configuration as reflected by the measured input data. 

Using an average value for comparison, the pivot point 
location was observed to progress away from the seal aft face with increased 
ejection loads as shown in Figure 78. This fact is consistent with the expected 
increase in steel shim rotation with ejection load. The pivot point distance 
changed from 52.0 to 58.4 in. (1.32 to 1.48 m) when the ejection load increased 
from zero to 1.15 million lb (5.11 x 10 6 N). The theoretical pivot point location 
of the seal is at 53.4 in. (1.35 m) . Comparison of the data for the two seals 
indicated that the variation was more linear for seal S/N 01 than for S/N 02. 
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4. 


Destructive Test 


Prior to initiation of the destructive tests, visual inspection 
of the seal revealed that the inside edge of some of the rubber pads were locally 
unbonded from, the steel shims. The unbonded areas were generally in line with the 
actuation planes where maximum shear stresses occurred. Maximum areas of unbonded- 
ness occurred at the forward rubber pad-to-shim bond. The separation depth of 
this bondline was 0.10 to 0.25 in. (.0025 to .0064 m) with some local areas extending 
to 0.50 in. (.0127 m) as shown in Figure 79. Subsequent destructive tests did not 
significantly increase the unbonded depths and leakage or pressure drop was not 
detected. 


a. Vectoring Test 

In the vectoring test, a maximum deflection angle of 3.3° 
(.0575 rad) was indicated from the test data. The deflection angle was limited 
to this value by the interference of the seal with the wall of the test fixture. 
Prior to this test cycle, the seal was deflected to +3.0° (.0524 rad) with 0.3 
and 0.9 million lb (1.335 and 4.0 x 10 6 N) ejection load. 

The test data for both vectoring cycles with 0.9 million 
lb (4.0 x 10 N) are shown in Figure 80. The variation of actuation torque with 
deflection angle was generally linear up to +2° (.0349 rad) deflection. Beyond 
this point, the increasing torque with deflection angle was apparent. At the 
deflection angle of 3.3° (.0575 rad), the actuation torque was approximately 
10 million in. -lb (1.13 x 106 N-m) . One set of data indicated a torque sub- 
stantially higher than this value, which apparently resulted from a shift in the 
pivot point location when the seal contacted the wall of the fixture. 

b. Fatigue Test 

The seal was tested at 455 cycles of +1° (.0175 rad) and 500 cycles 
of +2° (.0349 rad). The number of cycles at +1° (.0175 rad) was reduced from the 
planned 500 cycles because of a malfunction of the cycle counter on the Data Trak 
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programmer. The actuation load and stroke were recorded during test and are 
summarized in Table XXV. Although some slight differences in these values occurred, 
the magnitude of the difference is less than 5% and is within the measurement 
accuracy obtainable from the oscillograph trace. 

c. Pressure Test 

Axial deflection of the seal was obtained from dial gage 
measurements at four locations 90° (1.57 rad). The average deflection is plotted 
versus ejection load in Figure 81. A maximum deflection of 0.217 in. (.00551 m) 
was obtained at 1.5 million lb (6.67 x 106 N) ejection load. Comparison of this 
data with the functional test results indicated some difference. At the ejection 
load of 1.15 million lb (5.11 x 10^ N) , the axial deflection of 0.18 in. (.00457 m) 
from this test was higher than the 0.14 in. (.00356 m) obtained from functional 
proof pressure test (see Figure 71) for the same seal. The hystersis characteris- 
tic was as normally expected, but was the reverse of that indicated from the 
functional test results. Although no conclusion can be made on the cause of these 
differences, the effect on seal performance is not expected to be significant. 

The compressive hoop stress of the steel shim was calculated 
from the strain gage data. A maximum stress of 53,100 psi (3.67 x 10 8 N/m2) existed 
under the combined loads of 1.5 million lb (6.67 x 10^ N) ejection load and 1120 
psig (7.72 x 10^ N/m2) test pressure. This is in close agreement with a stress 
level of 52,100 psi (3.60 x 108 N/m^) obtained by proportioning the results from 
the functional test to the same pressure of this test. 

After completion of the destructive test series, seal S/N 
01 was disassembled from the test fixture. Visual inspection revealed no physical 
damage to the elastomeric boot. The ends of the boot remained securely bonded to 
the seal. 

VII. CONCLUSIONS AND RECOMMENDATIONS 
A. CONCLUSIONS 

Major conclusions derived from this program are: 
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1. An omnidirectional flexible seal has been demonstrated to meet 
the program objective. The seal performance characteristics were satisfactory 
for the intended application. 

2. Existing analytical techniques can be applied to the flexible 
seal design to predict its performance with acceptable accuracy. 

3. A seal design with conical metal shims of uniform configuration 
can be designed to meet rotational angle requirements in excess of +3°. 

4. Large flexible seals can be successfully manufactured by 
sequential assembly using ambient cure, secondary bonding techniques. 

B . RECOMMENDATIONS 


The following recommendations are made: 

1. Further develop the analytical technique to provide a more 
accurate method for the prediction of elastic stability and compressive stress 

in the metal shim. 

2. Conduct thrust vector control system test to investigate the 
interplay between flexible seals and flight configured actuation system. 

3. Incorporate the seal into a 260-in. -dia motor static firing 
test to confirm the seal performance characteristics. 
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TABLE I. - NOZZLE THERMAL GRADIENT SUMMARY 


2 

Depth Below Original Surface at Motor Burnout, in. (m x 10 ) 


Area 

Ratio 

Erosion 

Char 

Isotherm 

100°F-(311°K) 

2.00 

(Entrance) 

0.83 

(2.11) 

1.68 

(4.26) 

2.12 

(5.39) 

1.50 

(Entrance) 

0.87 

(2.21) 

1.72 

(4.36) 

2.16 

(5.50) 

1.06 

(Entrance) 

1.10 

(2.80) 

1.95 

(4.95) 

2.42 

(6.15) 

1.00 

(Throat) 

0.92 

(2.34) 

1.77 

(4.50) 

2.23 

(5.66) 

1.10 

(Exit) 

0.37 

(0.94) 

1.22 

(3.10) 

1.80 

(4.56) 

2.00 

(Exit) 

0.20 

(0.51) 

0.95 

(2.41) 

1.55 

(3.94) 


TABLE II. - COMPARISON OF PRELIMINARY FLEXSEAL ANALYSIS RESULTS 


Parameter Fwd Pivot Aft Pivot 


Maximum compressive stress, psi 
(N/m 2 x 10~ 6 ) 

48,000 

(331) 

48,000 

(331) 

Allowable critical buckling stress 5 

psi (N/rn. 2 x 10 ^) 

60,400 

(416) 

60,400 

(416) 

_6 

Seal rotation torque, in. -lb x 10 

(N-m x 10 6 ) 

4.73 

(.535) 

4.17 

(.471) 

Maximum elastomer shear stress, psi 

82 

(565) 

82 

(565) 


(N/m 2 x 10 3 ) 


Maximum elastomer tensile stress, 

psi (N/m 2 x 10 3 ) 


66 (455) 


66 (455) 



TABLE III. - FLEXIBLE SEAL WEIGHT COMPARISON 


Component Weight, lb (Kg) 

Fwd 

Pivot 

Aft 

Pivot 

Difference 

Nozzle Shell 

625 

(283) 

820 

(371) 

-195 

(-88) 

Nozzle Closure 

62 70 

(2840) 

6590 

(2985) 

-320 

(-145) 

Backup Insert 

1210 

(548) 

1450 

(657) 

-240 

(-109) 

Closure Insert 

1980 

(89 7) 

1990 

(902) 

- 10 

(-5) 

Closure Insulation 

2670 

(1210) 

2300 

(1042) 

+370 

(+168) 

Flexseal Assembly 

4425 

(2004) 

4595 

(2081) 

(-170) 

(-77) 

Fwd Flange 

1215 

(550) 

1400 

(634) 

-185 

(-84) 

Aft Flange 

1160 

(525) 

1130 

(511) 

+ 30 

(+14) 

Laminate 

1890 

(856) 

1890 

(856) 

0 


Boot 

160 

(72) 

175 

(79) 

- 15 

(-7) 


The fwd pivot seal design is 565 lb (256 kg) less than 
the aft pivot seal design. 




TABLE IV. - FLEXIBLE SEAL TVC SYSTEM COMPARISON 


Torque, in. /lb x 10 ^ (N-m x 10 ^) 

Fwd Pivot 

Aft Pivot 

Seal Rotation 

4.73 

C.534) 

4.17 

(.471) 

Internal Aerodynamic 

1.21 

(.137) 

0 


(1) 

Jet Damping 

0.40 

(.045) 

0.40 

(.045) 

Axial Acceleration 

1.21 

(1.37) 

0.28 

(.032) 

Inertia 

0.42 

(.047) 

0.42 

(.047) 

Total Torque 

7.57 

(.855) 

4.87 

(.550) 

(2) 

Design Torque 

9.45 

(1.068) 

6.10 

(.689) 

System Requirement 





Moment Arm, in. (m) 

96.5 

(2.45) 

59.2 

(1.50) 

-3 

Actuation Force, lb (N x 10 ) 

98,100 

(436) 

103,000 

(458) 

(1) Jet damping torque is assumed equal 

to zero 

at maximum 




torque requirement 

(2) Design torque includes 1.25 safety factor 



TABLE V. - DEFLECTION OF FLEXIBLE SEAL AND NOZZLE SHELL JOINT 




Radial Displacement 

Axial ] 

Displacement 

Nodal Point 

inch. 

(m x 10 

inch 

(m x 10 1) 

184 

-.005091 

(-129) 

-.00248 

(-. 063 ) 

187 

-.007573 

(-192) 

-.00248 

(-06 3 ) 

185 

-.00518 

(-131) 

-.00445 

(" 113 ) 

188 

-.007878 

(-.200) 

-.00445 

(-113) 

186 

-.005284 

(- 134) 

-.00643 

(-16 3) 

189 

-.007987 

(-.202) 

-.00643 

(-16 3) 



TABLE VI. - SUMMARY OF MAXIMUM STRESS IN FLEXIBLE SEAL 


Loading 

Condition 

Type of Stress 
and Location 

Stress 

Level 

Allowable 

. Strength 

Factor 

of 

Safety 

psi (N/m 

2 x 10~ 6 ) 

psi (N/m 2 

x lO' 6 

1 

Shear stress at inside 
edge, of P5 pad 

104 

(.717) 

403 

(2.78) 

3.88 

1 

Compressive hoop stress 
at inside edge of S2 

shim 

42,800 

(295) 

70,000 

(482) 

1.63 

2 

Shear stress at outside 
edge of P5 pad 

53 

(.366) 

403 

(2.78) 

7.59 

2 

Tension stress near out- 
side edge of P5 pad 

149 

(1.028) 

500 

(3.45) 

3.36 

2 

Compressive hoop stress at 
edge of S2 shim 

3,900 

(26.9) 

70,000 

(482) 

High 

3 

Shear stress near inside 
edge of P5 pad 

103^ 

98 u; 

(.710) 

(.675) 

403 

(2.78) 

3.91 

4.11 

3 

Compressive hoop stress 
at inside edge of S3 shim 

46, 900 ^ 
29, 300 v 1 

(323) 

(202) 

70,000 

(482) 

1,49 

2.39 

2 + 3 

Shear stress near inside 
edge of P5 pad 

147 

(1.012) 

403 

(2.78) 

2.74 

2 + 3 

Compressive hoop stress 
at inside edge of shim 

50 , 800 (1) 2 

(350) 

70,000 

(482) 

1.38 


(1) 2 ° clockwise rotation. 

(2) 2° counterclockwise rotation. 



TABLE VII. - QUADRUPLE LAP SHEAR SPECIMEN TEST RESULTS 
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TABLE VIII. - AGING AND HUMIDITY TEST SCHEDULE 


Aging Humidity Exposure 

(80 °F/30Q°K, Uncontrolled R.H .) (95% R.H. 110°F/317°K) 


Specimen 


1 Mo. 

3 Mo. 

6 Mo. 

9 Mo. 

1 Mo. 

3 Mo. 

6 Mo. 

9 Mo. 

Shear Tests 

1 

X 

X 

X 

X 

X 





2 





X 

X 

X 

X 


3 



X 



X 




4* 

X 

X 

X 

X 

X 





5* 





X 

X 

X 

X 


Tensile 

1 

X 

X 

X 

X 

X 




Tests 

2 





X 

X 

X 

X 


3* 

X 

X 

X 

X 

X 





*The exposed rubber edges of these specimens were 
treated to evaluate retardation of the aging process. 



TABLE IX. - AGING AND HUMIDITY EXPOSURE TEST RESULTS 
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TABLE X. - EVALUATION OF SURFACE EFFECTS ON ADHESIVE BOND STRENGTH 


Avg. Shear Stress, 



Specimen Description 

2 

psi, (N/m 

x 10 ^ 

B 

Bare steel 

1820 

(12.55) 

u 

Primed with FM-47 

3732 

(25.75) 

P 

Bare steel in contact with peel coat for 1 day 

2775 

(19.13) 

K 

Primed steel in contact with peel coat for 1 day 

3419 

(23.6) 

PA - 

Bare steel in contact with peel coat for 7 days 

3092 

(21.3) 

KA - 

Primed steel in contact with peel coat for 7 days 

3500 

(24.1) 

BT - 

Bare steel in contact with teflon tape for 1 day 

2535 

(17.5) 



TABLE XI. - LAP SHEAR SPECIMEN TEST RESULTS 
FROM PROCESS DEMONSTRATION RING 


Specimen 


Shear Stress at 
300% Strain, 

psi (N/m^ x 10 


Ultimate 
Shear Stress, 

psi (N/m^ x 10 6) 


Ultimate Shear 
Strain, % 


F 

73.4 

(506) 

745 

(5.14) 

809 

G 

78.4 

(540) 

595 

(4.10) 

734 

M, 

68.5 

(471) 

268 (1) 

(1.85) 

635 

1 

m 9 

77.8 

(536) 

222 (1) 

(1.53) 

555 

L 

°1 

77.6 

(535) 

225 (1) 

(1.55) 

550 

1 

°2 

73.0 

(503) 

97.5 (1) ( . 67) 

400 

P 

76.7 

(529) 

625 

(4.31) 

745 

R 1 

75.0 

(516) 

698 

(4.81) 

808 

* 2 

73.1 

(505) 

777 

(5.35) 

830 


71.8 

(495; 

806 

(5.55) 

833 


(1) Adhesive failure at interface plane between the 
bare steel and the FM-47 primer. 



Rubber Skive Joint 




TABLE XII. - COMPRESSION DEFLECTION TEST PROCEDURE 

TABLE XII 


EQUIPMENT 

a. Instron Model TTC or equivalent. 
b„ 10,000 lb capacity load cell. 

c. 2 - 6 x 6 x 1/4 CRS plates abraded on one side with aluminum oxide. 

PROCEDURE 

a. Calibrate equipment according to manufacturers instructions. 

b. Set cross head at 0.20 in. /min and chart at 10. in. /min. 

c. Gauge slab in five places (4 comers plus center) and record. 

d. Center 4 x 4 x .3-in. slab between the abraded surfaces of the 
steel plates. 

e. Center assembly on load cell and balance. 

f. Preflex two times to 25% compression (approximately .075 in.) 

Load and unload at 0.2 in. /min. 

g. Preload assembly to 0.5% of load at 25% compression (32-36 lb 
range) - balance to zero. 

h. Record third flex and plot load at .010, .020, .050, and .075 in. 



TABLE XIII. - TENSILE PROPERTIES OF GEN-GARD V-45 RUBBER 


Specimen 

Tensile Strength, 
psi (N/m^ x 10 S 

Elongation 
at Break, , 

SPECIMENS WITHOUT SPLICE JOINT 

1 

2200 

(15.2) 

775 

2 

2250 

(15.5) 

750 

3 

2250 

(15.5) 

775 

SPECIMENS WITH SPICE JOINT 

1 

1340 

(9.25) 

575 

2 

1275 

(8.80) 

500 

3 

1325 

(9.14) 

500 



TABLE XIV. - FLEXIBLE SEAL COMPONENT BOND DATA 
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TABLE XV. - FLEXIBLE SEAL HEIGHT AND CONCENTRICITY MEASUREMENTS 



Circum. 

Location 


Seal S/N 01 

, inch (m) 

Seal S/N 02, 

inch (m) 


X 

Y 



X 

Y 

1 

2.114 


10.926 


2.143 


10.895 

2 

2.114 


10.965 


2.120 


10.875 

3 

2.073 


10.966 


2.154 


10.867 

4 

2.09 3 


10.920 


2.128 


10.890 

5 

2.102 


10.915 


2.102 


10.865 

6 

2.099 


10.945 


2.082 


10.885 

7 

2.104 


10.970 


2.103 


10 . 850 

8 

2.099 


10.945 


2.086 


10 . 855 

9 

2.108 


10.895 


2.100 


10. 840 

10 

2.104 


10.885 


2.110 


10 . 851 

Max. 

2.114 

(.0536) 

10.970 

(.2782) 

2.154 

(.0547) 

10.895 (.2767) 

Min. 

2.073 

(.0526) 

10.885 

(.2760) 

2.082 

(.0529) 

10.840 (.2753) 

Range 

0.041 

(.0010) 

0.085 

(.0022) 

0.072 

(.0018) 

0.055 (.0014) 



TABLE XVI. - TEST FIXTURE WELD STRESS 



0 __ £ 

-202 to -203 Weld Stress, psi (N/m^ x 10~6) -203 to -204 Weld Stress, psi (N/m x 10 ) 


Element 

Pressure 

Vector 


Element 

Pressure 

Vector 

No. 

Condition 

Condition 


No. 

Condition 

Condition 

223 

7920 

(54.5) 

7510 

(51.8) 


175 

-0.6 


46 

(.32) 

234 

4314 

(29.8) 

3691 

(25.4) 


176 

107 

(.74) 

200 

(1.38) 

242 

319 7 

(22.0) 

1998 

(13.8) 


177 

1009 

(6.95) 

867 

(5.98) 

250 

2043 

(14.1) 

1060 

(7.31) 


178 

2787 

(19.2) 

1857 

(12.8) 

261 

1545 

(10.6) 

1036 

(7.15) 


179 

4142 

(28.5) 

2908 

(20.0) 

272 

1003 

(6.91) 

747 

(5.15) 


180 

4979 

(34.3) 

3479 

(24.0) 

283 

270 

(1. 86) 

208 

(1.43) 


181 

6423 

(44.2) 

4564 

(31.5) 

294 

118 

(.81) 

81 

(.56) 







-204 to - 

-205 Weld Stress 

, psi (N/m^ x 10 

- 6 > 

-205 to 

-206 Weld 

Stress , 

psi (N/m x 10 

Element 

Pressure 

Vector 


Element 

Pressure 

Vector 

No. 

Condition 

Condition 


No. 

Condition 

Condition 

79 

20,282 

(140) 

15,450 

(106.5) 


6 

0.3 


22.8 

(.16) 

97 

11,144 

(76.9) 

8093 

(55.7) 


14 

7.3 

(.05) 

774 

(5.33) 

115 

4 , 887 

(33.6) 

3895 

(26.9) 


22 

16.8 

(.12) 

2525 

(17.4) 

133 

900 

(6.20) 

1289 

(8.89) 


30 

33.5 

(.23) 

4618 

(31.8) 

151 

-471 

(-3.25) 

189 

(1.30) 


38 

76.9 

(.53) 

9552 

(65.9) 

169 

-880 

(-6.06) 

-116 

(-.80) 







Pressure 

Condition - 850 

psi (5 

.85 x 106 

N/m2) 






Vector Condition 

- 115 

psi (7 

.93 x 10 5 

N/m 2 ) 








TABLE XVII. - INSTRUMENTATION SUMMARY 
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TABLE XVIII. - SEAL VECTORING TEST SEQUENCE 


0 s -180° Plane 

1. Cycle A, + 2° at 2.2 psig 

(+ .0349 rad 0 15.18 x 10 2 N/m 2 ) 

2. Cycle A, + 2° 0 30 psig 

(+ .0349 rad 0 207 x 10 3 N/m 2 ) 

3. Cycle A, + 2 ° 0 58 psig 

(+ .0349 rad 0 400 x 10 3 N/m ) 

4. Cycle A, + 2° 0 87 psig 

(+ .0349 rad 0 600 x 10 3 N/m 2 ) 

5. Cycle A, + 2 ° 0 111 psig 

(+ .0349 rad 0 765 x 103 N/m 2 ) 

6. Cycle B, + 1° and + 2° @ 40 psig 

(+ .01745 and + .0349 rad @ 276 x 10 2 N/m 2 ) 

7. Cycle A, + 2° @ 2.2 psig 

(+ .0349 rad @ 15.8 x 10 2 N/m 2 ) 

8. Cycle B, + 1° and +2° @ 2.2 psig 

(+ .01745 and + .0349 rad 0 15.18 x 10 2 N/m 2 ) 

90°-270° Plane 

1. Cycle A, + 2° @ 2.2 psig 

(+ .0349 rad 0 15.18 x 10 3 N/m 2 ) 

2. Cycle A, + 2° 0 58 psig 

(+ .0349 rad 0 400 x 10 2 N/m 2 ) 

3. Cycle A, + 2° 0 111 psig 

(+ .0349 rad 0 765 x 10 2 N/m 2 ) 

4. Cycle B 5 + 1° and +2° 0 40 psig 

(+.01745 and + .0349 rad 0 276 x 10 2 N/m 2 ) 

5. Cycle A, + 2 ° 0 2.2 psig 

(+ .0349 rad 0 15.18 x 10 2 N/m 2 ) 

Cycle B, + 1° and + 2 ° 0 2.2 psig 

(+ .01745 and + .0349 rad 0 15.18 x 10 3 N/m 2 ) 


6 . 



TABLE XIX. - FLEXIBLE SEAL HEIGHT MEASUREMENTS 
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FLEXIBLE SEAL LATERAL MEASUREMENTS 


SEAL S/N 01 


A 

B 

C 

D 

E 

Before Proof & Leak Test 

0° 

29 . 430 

29.429 

29.425 

29.414 

29.441 


90° 

29.707 

29.693 

29.691 

29.659 

29.678 


180° 

29.556 

29.532 

29.519 

29.543 

29.527 


270° 

29.077 

29.102 

29.081 

29.081 

29.005 

After Proof & Leak Test 

0° 

29 . 415 

29.432 

29.426 

29.413 

29.436 


90° 

29.697 

29.687 

29.685 

29.655 

29.677 


180° 

29.558 

29.533 

29.520 

29.546 

29.525 


270° 

29.075 

29.103 

29.082 

29.082 

29.003 

Before Vector Test (90°- 

0° 

29.412 

29.431 

29.426 

29 . 415 

29.436 

270°) 

90° 

29.716 

29.705 

29.696 

29.656 

29.669 


180° 

29.555 

29.532 

29.520 

29.543 

29.518 


270° 

29.059 

29.088 

29.070 

29.077 

29.002 

After Vector Test (90 °- 

0° 

29 . 412 

29.430 

29.426 

29 . 415 

29.436 

2 70°) 

90° 

29.715 

29.705 

29.698 

29.657 

29.669 


180° 

29.556 

29.532 

29.519 

29.542 

29.519 


270° 

29.059 

29.088 

29.070 

29.077 

29.004 

After Vector Test (0°- 

0° 

29.402 

29.423 

29.422 

29.415 

29.437 

180°) 

90° 

29.706 

29.696 

29.691 

29.656 

29.670 


180° 

29.569 

29.545 

29.530 

29.549 

29.520 


270° 

29.075 

29.099 

29.079 

29.084 

29.007 

After Fatigue Test 

0° 

29.404 

29.421 

29 . 419 

29.413 

29.436 


90° 

29.705 

29.695 

29.690 

29.654 

29.668 


180° 

29.570 

29.546 

29.531 

29.549 

29.521 


270° 

29.070 

29.098 

29.075 

29.081 

29.005 

After +3.5° Vector Test 

0° 

29 . 410 

29.421 

29.420 

29 . 415 

29.438 


90° 

29.707 

29.696 

29.691 

29.655 

29.669 


180° 

29.571 

29.546 

29.531 

29.549 

29.523 


270° 

29.077 

29.098 

29.079 

29.081 

29.006 

Before 1140 psig Pressure 

0° 

29.408 

29.423 

29.421 

29.415 

29.438 

Test 

90° 

29.696 

29.691 

29.687 

29.654 

29.669 


180° 

29.562 

29.544 

99.530 

29.548 

29.522 


270° 

29.071 

29.100 

29.080 

29.082 

29.006 

After 1140 psig Pressure 

0° 

29.405 

29.424 

29.423 

29.417 

29.440 

Test 

90° 

29.698 

29.696 

29.693 

29.656 

29.670 


180° 

29.559 

29.545 

29.532 

29.552 

29.523 


270° 

29.069 

29.100 

29.081 

29.085 

29.008 
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SEAL S/N 02 


A 

B 

C 

D 

E 

Before Proof & Leak Test 

0° 

29.446 

29.431 

29.424 

29.423 

29.459 


VO 

o 

o 

29.685 

29.667 

29.664 

29.668 

29.672 


180° 

29.518 

29.562 

29.554 

29.540 

29.536 


270° 

29.081 

29.075 

29.070 

29.053 

29.006 

After Proof & Leak Test 

0° 

29.448 

29.434 

29.427 

29.423 

29.455 


90° 

29.684 

29.670 

29.665 

29.669 

29.672 


180° 

29.517 

29.541 

29.557 

29.548 

29.534 


270° 

29.079 

29.074 

29.070 

29.055 

29.007 

After Vector Test (0°- 

0° 

29.435 

29.419 

29.412 

29.413 

29.437 

180°) 

90° 

29.692 

29.712 

29.730 

29.702 

29.697 


180° 

29.547 

29.579 

29.565 

29.545 

29.531 


270° 

29.100 

29.074 

29.069 

29.057 

29.013 

After Vector Test (90°- 

0° 

29.446 

29.435 

29.425 

29.416 

29.437 

270°) 

90° 

29.709 

29.685 

29.672 

29.672 

29.671 


180° 

29.513 

29.559 

29.552 

29.539 

29.530 


270° 

29.044 

29.058 

29.058 

29.052 

29.011 


All dimensions in inches; SI units omitted for clarity. 



TABLE XXI. - MEASUREMENTS OF SEAL INSIDE DIAMETERS 


(location 

0°-180 c 

Plane 

90°-270° Plane 

Pretest 

Posttest 

Pretest 

Posttest 

Flexible Seal S/N 0 

2 




A 

107.939 

107.960 

108.080 

108.051 

B 

107.982 

108.001 

108.048 

108.019 

| C 

107.980 

107.993 

108.040 

108.010 

D 

107.968 

107.980 

108.050 

108.021 

E 

107.997 

108.011 

108.019 

107.992 

Flexible Seal S/N C 

1 




A 

108.000 

107.987 

108.013 

108.018 

B 

108.009 

107.997 

108.031 

108.034 

1 C 

108.000 

107.991 

108.012 

108.012 

D 

108.011 

108.003 

108.011 

108.017 

E 

1 

108.014 

108.007 

107.971 

107.980 


All dimensions in inches, SI units omitted for clarity. 




TABLE XXII. - SEAL AXIAL DEFLECTION - PROOF PRESSURE TEST 


Pres- 

sure. 


FLEXIBLE 

SEAL S/N 01 



FLEXIBLE 

SEAL S/N 02 


psig 

0° 

90° 

180° 

270° 

0 

90° 

180° 

270 ° 

0 

0 

0 

0 

0 

0 

0 

0 

0 

50 

.010 

.009 

.010 

.010 

.010 

.012 

.008 

.006 

100 

.019 

.019 

.021 

.021 

.019 

.022 

.019 

.016 

50 

.013 

.012 

.013 

.014 

.013 

.012 

.012 

.013 

200 

.039 

.042 

.041 

.039 

.040 

.044 

.040 

.036 

400 

.077 

.083 

.089 

.085 

.077 

.086 

.078 

.065 

600 

.106 

.108 

.122 

.125 

.107 

.113 

.102 

.092 

735 

.125 

.124 

.140 

.144 

.131 

.131 

.119 

.112 

850 

.139 

.139 

.155 

.158 

.149 

.149 

.134 

.12 7 

600 

.099 

.09 7 

.110 

.114 

.108 

.102 

.094 

.090 

400 

.060 

.060 

.067 

.069 

.066 

.059 

.054 

.051 

200 

.025 

.021 

.023 

.023 

.029 

.021 

.017 

.020 

50 

.013 

.012 

.010 

.014 

0 

-.006 

-.011 

.004 

0 

-.011 

-.016 

-.019 

-.016 

-.007 

-.016 

-.019 

.011 


All dimensions in inches, SI units omitted for clarity. 



TABLE XXIII . - SHIM COMPRESSIVE STRESS - PROOF PRESSURE TEST 



Stress values in Ksi (N/m2 x 10-6) 





TABLE XXIV. - SHIM COMPRESSIVE STRESS, VECTOR TEST (NULL POSITION) 


Test Pressure Ejection Load 
„ lb x 10~ 2 3 

psig (N/m 3 x 10~3 ) (N x 10~6) 


2.2 

(15.2) 

0 


30 

(207) 

300 

(1.34) 

58 

(400) 

600 

(2.67) 

87 

(600) 

900 

(4.01) 

111 

(765) 

1150 

(5.11) 

40 

(276) 

400 

(1. 78) 

2.2 

(15.2) 

0 



Seal S/N 01 



0° 

90 

O 

0 


0 


14.4 

(99.3) 



27.0 

(186) 

27.3 

(188) 

38.9 

(268) 



46.9 

(323) 

46.1 

(318) 

19.7 

(136) 

20.2 

(139) 


0 0 


Seal S/N 02 


0° 

90 

0 

0 


0 


14.2 

(97.9) 



27.0 

(186) 

28.3 

(195) 

38.1 

(262) 



45.6 

(314) 

48. 0 

(331) 

19.0 

(131) 

21.0 

(145) 

0 


0 



2 “6 

Stress values in ksi (N/m x 10 ) 



TABLE XXV. - FATIGUE TEST LOAD - DEFLECTION CHARACTERISTICS 



Counterclockwise Deflection 

Clockwise 

Defle ction 

Cycle No. 

Load , lb 

Deflection, in. 

Load, lb 

Deflection, in. 

+ 1° Deflection 

1 

32,307 

1.738 

33,630 

1.934 

50 

32,307 

1.709 

33,630 

1.934 

100 

31,697 

1.709 

33,630 

1.934 

150 

31,697 

1.709 

33,630 

1.934 

200 

32,307 

1.709 

33,630 

1.934 

250 

32,307 

1.709 

33,630 

1.934 

300 

32,307 

1.709 

33,030 

1.905 

350 

32,307 

1.709 

33,030 

1.905 

400 

32,307 

1.709 

33,030 

1.905 

450 

32,916 

1.709 

33,030 

1.905 

455 

32,916 

1.709 

33,030 

1.905 


+2° Deflection 


1 

60,346 

3.528 


60,655 

3.924 

50 

59,127 

3.442 


59,453 

3.924 

100 

59,127 

3.442 


58,853 

3.924 

150 

59,127 

3.442 


58,252 

3.924 

200 

59,12 7 

3.442 


57,651 

3.924 

250 

59,127 

3.442 


57,651 

3.953 

30° 

350 

59,127 

3.470 


57,651 

3.924 

59,127 

3.447 


58,252 

3.838 

400 

59,127 

3.447 


58,252 

3.809 

450 

59,127 

3.447 


58,252 

3.809 

500 

59,127 

3.476 


58,252 

3.809 

(2) 

Reading Accuracy 610 

0.029 


601 

0.030 

(1) Cycles 

326 through 500 

were performed the 

following day. 


(2) The osc 

Allograph traces 

were measured to 

the 

nearest 0.01 

inch. A 

variation of data corresponding to 0.01 inch 

is as shown 



SI units omitted for clarity. 



Flexible Seal Pivot Point Location 



Deflection Angle, degrees (rad x 102) 


Figure 1. Variation of Deflection Angle vs Pivot Point Location 











Figure 6. - Structural Analysis Grid for Flexible Seal and Aft Closure 










tructural Analysis Gird for Flexible Seal and Nozzle Shell 
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Figure 9- — Maximum Shear Stress in Pad P5 for 

Load Condition (l) 
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L0. - Maximum Hoop Stress in Shim S2 for Load Condition (1) 
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Figure 11 .- Maximum Tension and Shear Stress in Pad P 5 
for Load Condition ( 2 ) 
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Figure 12.- Maximum Hoop Stress in Shim S2 for 
Load Condition (2) 
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Figure 13 •- Maximum Shear Stress in Pad P5 for Load Condition ( 3 ) 

and Clockwise Rotation 
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Figure 15>- Maximum. Hoop Stress in Shim S3 for Load Condition (3) 

and Clockwise Rotation. 
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Figure 16 . - Maximum Hoop Stress in Shim S3 for Load Condition ( 3 ) 
and Counterclockwise Rotation. 









(fTl(Max) = -1032 psi 








Figure 20. - Analytical Model for the Elastic Stability Analysis of the Steel Shim 
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Figure 21. - Thermal History - Elastomer Boot and Flexible Sea 








iHydraulic Jack 





Steel 

Plate 



Figure 24. - Tensile Test Specimen 
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Figure 26. - Tensile Stress vs Strain, 0.10- in. Rubber 
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Figure 27. - Tensile Stress vs Strain, 0.05-in. Rubber 
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Figure 32. - Creep Strain-vs-Time Duration 
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Figure 35. - Quadruple Lap Shear Specimen (2x2 Pad) 



Figure 36. - Shear Stress vs Strain for Various Skive Joint Adhesive Systems 
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Figure 37. - Failure Surface of Quadruple Lap Shear Specimens with Skive Joints 




Figure 39. - Process Demonstration Bonding Setup 









Figure 41. - Lap Shear Specimen Behavior During Test 






Figure 42. - Flexible Seal Metal Shim 







Compressive Load, lb (N 


7500 

(33.4) 



6 700 
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All values measured at 25% compression. 
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Figure 43. - Compressive Load vs Cure Time of Rubber Pad 


Compressive Load, lb 



Figure 44. - Rubber Pad Compression - Deflection Acceptance Limit 



Figure 45, - Position Steel Shim on Assembly Bond Fixture 





Figure 46. - Apply Adhesive on Base Component 




Apply Adhesive on Top Component 






'igure 50. - Prepare to Invert the Assembly Bond Fixture 
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F'igure 51. - Invert the Top Portion of the Bond Fixture 





Figure 52. - Assemble the Bond Fixture 



Figure 53. - Prepare the Bond Fixture for Adhesive Cure 
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Figure 54. - Flexible Seal, Side View 
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Figure 57. - Location of Weld Cracks in Test Fixtur 
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Figure 58. - Weld Crack at Tank Structure of the Test Fixture 















Figure 62. - Typical Dial Gage Installation 









Figure 64. - Pressure Gage Panel 
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Figure 69. - Seal Height and Laterial Measurement Locations 
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-2° Deflection, Seal S/N 01 






Ejection Load = 1.15 x 10 lb (5.11 x 10 N) 

0 0 90° Plane 

0 0 0° Plane 



Figure 75. - Actuation Torque vs Deflection Angle, Seal SN 02 
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‘igure 76. - Variation of Actuation Torque vs Ejection Load 
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Figure 77. - Pivot Point Excursion for + 2° Deflection Angle 





Figure 79. - Seal Unbonded Areas Between Rubber Pads an> 
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Figure 80. - Actuation Torque vs Deflection Angle, Over-Rotation Test 
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APPENDIX A 

E SEAL FAILURE MODE EVALUATION 



Appendix A 


FLEXIBLE SEAL FAILURE MODE EVALUATION 

I. INTRODUCTION 

This analysis was prepared as part of a program to design, fabricate and 
test flexible seals for a 260 -in. (6.6 m) dia solid rocket motor movable nozzle 
The scope of this analysis includes the identification of principle failure 
modes of the seal assembly and the estimation of their probability of occur- 
rence during program testing and under anticipated flight conditions. 

11 • FAILURE MODE CHARACTERIZATION 

The analysis was limited to only those failure modes related directly 
to the seal, since the nozzle shell, the conical shell and their protective 
inserts and insulation are not the primary subsystem being evaluated on this 
contract. As shown in Figure 1, there are three basic failure modes involved 
with the flexible seal: (a) the structural failure of the seal, (b) the require- 
ment for torque in excess of that available, and (c) the premature burn through 
of the insulation boot protecting the flexible seal surface . Although all 
three are possible under flight conditions, only the first two will be 
evaluated in the test program. 

III. PROBABILITY CALCULATION FOR EXCESS TORQUE AND BOOT 
BURN THROUGH FAILURE MODES 

The calculation of the probability of occurrence of torque requirement 
in excess of the design capability and boot burn through prior to the end of 
action time was made using the basic requirement vs capability formula: 
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where and cTq are the estimated average and standard deviation 

of the capability parameter 

Xp and CT r are the estimated average and standard deviation 
of the requirement parameter 

(B is the number of pooled standard deviations between the 
two parameters which can be equated to failure probability 
by reference to standard statistical tables of the normal 
distribution. 

In calculation of the probability of excess torque, the requirement 
average was estimated from the approximate design formula; 

.615 G W 1-5 R 1,5 ( 1.95 ) 

T = n t \TT^5 I 

where T = torque per degree deflection, in. -lb /degree 
G = rubber seal modulus, lb/in. 

W = seal radial width, in. 

R = inner seal radius, in. 
t = pad thickness, in. 

N = number of pads 

The ratio of 1.95/1.45 was determined in the preliminary stress analysis to be 
the amount required to adjust the results from the approximate design formula 
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to those obtained in the computer analysis. The variability of the required 
torque was estimated from this formula by the propagation of variance technique; 

CX iji 

T 

Using the values tabulated in Figure 2, a value of k.60 x 10^ in. lb (5.20 x 10 5 N-m) 
was obtained for T and .266 x 10^ in. lb (.30 x 105 N-m) for T. Assuming that the 
capability (Xq) is fixed at 5-00 x 10^ in. lb ( 5.65 x 1C)5 N-m) with no variance, 
the probability of the requirement exceeding the capability is calculated to be 
O. 67 . Figure 3 illustrates the relationship between torque capability and. the prob- 
ability of exceedence and indicates that a capability of 5.87 x 10^ (in. lb ( 6.6 3 x 
105 N-m) would be required to reduce the probability of exceedence to 10~6, the 
design goal needed to assure a motor reliability of .999- 

In calculating the probability of premature insulation boot burn through, 
the capability (Xq) was expressed in seconds of available protection as follows; 



where t^ = insulation thickness, inches 

e r = insulation erosion rate, inches/sec 

The requirement (Xp>) was expressed in seconds of protection required 
prior to the end of action time as follows: 

t to 
r to 

where t w = maximum thickness of propellant consumed during web 
time, inches 
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r = propellant burning rate prior to web time, 
w 

inches/ sec 

t_j_ o = maximum propellant thickness consumed during 
tail-off, inches 

= propellant burning rate during tail-off, inches/sec 

The standard deviations for the capability and requirement distributions 
were determined from the following formula: 



Using the values tabulated in Figure b, a value of 250 seconds was obtained for 
X c with a standard deviation of 17 seconds (6.95/0 • The nominal requirement 

value (X ) of 1^7*5 seconds was found to have a standard deviation of 1.92 

R 

seconds. Figure b>, which illustrates the relationship between boot thickness 
and the probability of premature boot burn through, indicates that the current 
nominal design thickness of .500 is adequate. 

TV. DETERMIMAT ION OF PROBABILITY OF SEAL MECHAWICAL FAILURE 

The preliminary stress analysis identified failure of the rubber pads in 
shear as the most likely mode of mechanical failure. Because of the complexity 
of the relationships, shear forces cannot be related to the design parameters 
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governing them by simple formulas. Instead they are calculated by a computer 
program employing the finite element technique. The only feasible method for 
estimating the probable distribution of the shear requirement, therefore, is 
to employ Monte Carlo simulation techniques in conjunction with the computer 
program used in the basic stress analysis. In performing such a Monte Carlo 
simulation, the parameters that are normally input into the computer as a 
single value are allowed to vary in a number of simulation runs to the degree 
that they could be expected to in a series of motors. Thus, instead of pro- 
ducing a single value result such as maximum shear stress, a distribution of 
probable shear stresses is obtained. It used to be considered necessary to 
make hundreds of simulation runs to characterize such a distribution, however, 
for preliminary estimating purposes, it is sufficient to make a limited number 
of runs and calculate a standard deviation of the output parameter from these. 

The values for averages and standard deviations used in this analysis 
as input parameters to the computer simulation runs are shown in Figure 6. 

Figure 7 presents a tabulation of the input parameter values actually 
used in each simulation run. These actual values were calculated for each 
input parameter by selecting eight values from a table of random standard 
deviations and adding or subtracting that number of standard deviations from 
the nominal values for the eight runs. 

It should be noted that two input parameters, ejection force and Poisson's 
ratio, were not varied independently since they were considered to be functions 
of other input parameters that were being varied. Ejection force (F e j) for 
example was calculated for each run from the formula: 
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F e j = 13,400 P c - 9.02 x 10 6 


where P c = maximum chamher pressure 


Poisson's ratio (V) was calculated in similar fashion by: 


V 


3K - 20 

6K + 2G 


where K 
G 


rubber bulk modulus 
rubber shear modulus 


The results obtained for eight simulation runs are shown in Figure 8. 

When plotted, the correlation between chamber pressure and maximum 
shear appeared to be extremely high. A regression analysis yielded a corre- 
lation coefficient of +.9994 indicating that 99-73 1° of the variability of 
maximum shear was associated with chamber pressure (or ejection force) and 
only , 27 $ was a function of the variability of all of the other input parameters. 
Since similar plots for other elements yielded similar results, it was concluded 
that the variability of shear stress could be estimated directly from the 
variability of chamber pressure (or ejection force) from the following 
relationship : 


f^y) 

2 


f y J 


l p c) 



where : 


and Fy 


= the standard deviation and average maximum shear 
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lJ P c and P c = the standard deviation and average maximum 

chamber pressure 

m = the slope of the linear relation between 

maximum pressure and maximum shear 

S = standard errqr of estimate from maximum 

ey 

pressure vs maximum shear regression analysis 

Using values of 103-7 for Fy, 117-266 for m, and .4008 for S e y, a value of 

f) y 

216$ was obtained for — — . 

F 

y 

Because of the difficulty of running a combined simulation of axisyrorrmfric 
and torque loading, the simulation was performed only for the axisymmetric case, 
with the reasoning that the percentage variability obtained for the axisymmetrie 
case would he a good estimate of that of the combined loads. Accordingly the 
standard deviation of maximum shear was estimated at 21 . 656 of the total of I Ok , 3 
psi (7.2 x 105 N/m 2 ) (axisymmetric) plus I 7.9 psi (1.23 x 105 N/m 2 ) (torque), 
yielding a value of 26.4 psi (1.82 x 105 N/m 2 ) for 1 O'. Although this percentage 
( 21 . 6 $ may seem to be high compared to the 1 . 6 $ for chamber pressure, it must 
be remembered that the ejection force standard deviation is actually 17 . 1 $ of its 
mean. 

As a final step, the probability of maximum shear (combined axisymmetric 
and torque loading) exceeding the material capability was calculated. For the 
capability nominal, the value of 292 psi (20.2 x 105 N/m 2 ) derived in the interim 
stress analysis was employed. A standard deviation of 10$, based on propellant 
variability experienced, was assumed. This resulted in a probability of failure 
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of 3 x 10 only slightly greater than the target value of 1 x 10"6. Figure 9 
presents the relation between probability of failure and shear strength nominal; 
assuming a standard deviation of 10$ for shear strength capability. 

V. CONCLUSIONS AND RECOMMENDATIONS 

Based on the preliminary design information available; the probability 

of occurrence of the seal structural failure in shear and the insulation burn 

-6 

through failure mode; is less than or close to the desired allocation of 10 . 

The probability that the torque required will exceed the actuator capability 
is excessive; indicating that a significant increase in torque capability is 

required. 

Because the probabilities are dependent to a large degree on variability 
of rubber shear stress and modulus; it is recommended that the estimated values 
used here 7 which were' based on experience with similar materials be verified 
by a laboratory test program of the candidate material. Such a program should 
measure lot-to-lot variability as well as within-lot variability in order to 
realistically reflect probable manufacturing conditions. The effects of aging 
upon these parameters should also be investigated. 
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Name 

Design 

Nominal 

X 

Estimated 

Standard 

Deviation 

CT 

Basis for Estimate of 

Rubber Shear Modulus. 

Ib/in. 2 (»/m2) 

25 

( 1.72 x 
105) 

1.25 

Batch to batch variability 
of modulus of 10 batches 
of V-45 rubber at 300 < j> 
strain. 

Seal Radial Width, 
in. (m) 

4.00 

(. 102 ) 

.0141 

The RSS combination of l /6 
of the total drawing 
tolerance for both pads 
and shims . 

Inner Seal Radius, 
in. (m) 

54.0 

(1-37) 

.00833 

l /6 of the total drawing 
tolerance . 

Pad Thickness, in. 
(m) 

• 3 

(. 007 6 ) 

.0087 

Total within sheet and 
between sheet CT/x $ 
estimated from nine sheets 
of rubber. 

Number of Pads 

5 

None 

— 


Parameters Used in Calculating Excess Torque Probability 


Figure 2 
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Probability 
Of Excessive 
Torque 

^or Equivalent No. of Pooled 
Standard Deviations Between 
Xp and X c 

Torque Capability 
(Xc) in. lb (N-m) 

.067 

1.50 

5*00 x lO^ (design nominal 

(5.65 x 105) 

.01 

2.32 

5.22 x 10 6 
(5-90 x io5) 

.001 

3.09 

5.42 x 10 6 
(6.13 x io5) 

.0001 

3.72 

5.60 x 10 6 
(6.32 x 105) 

.00001 

4.25 

5-73 x 10 6 
(6.48 x lo5) 

.000001 

4.75 

5.87 x 106 
(6.64 x io5) 


Relation of Probability of 
Excessive Torque to Torque Capability 


Figure 3 
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Name 

Design 

Nominal 

X 

Estimated 

Standard 

Deviation 

or 

Basis for Estimate of 

Insulation Thickness, 
in. (m) 

, -50 
(0.127) 

.0083 

l /6 of total drawing tolerance. 

Insulation Erosion 

.002 

^ .000136 

Motor to motor variability of 

Rate, in. /sec, 
(m/sec) 

( 5.1 x 10 - 

maximum erosion in fwd and aft 
heads of 12 Minuteman Wing VI 
motors . 

Propellant Thickness 

85 .O 

.1870 

The RSS combination of l /6 of 

Consumed Prior to Web 
Time, in. (m) 

( 2 . 16 ) 


case and insulation drawing 
tolerances, observed bore dia- 
meter variability, and estimated 
maximum core shift of .25 inch. 

(.00635 m) 

Propellant Thickness 
Consumed During Tail- 
off, in. 0*0 

2.5 

(.0635) 

u~\ 

0 

0 

IT 

Propellant Burning Rate 

.606 

.00818 

Variability between 12 pot 

Prior to Web Time, 
in. /sec, (m/sec) 

(.0154) 


increments of liquid strand 
burning rate for 260-SL-l 
and 260-SL-2. 

Propellant Burning Rate 

• 333 

.0045 

Variability between 12 pot 

During Tail-Off, 
in/sec, (m/sec) 

(.00845) 


increments of liquid strand 
burning rate for 260-SL-l 


and 260-SL-2. 


Parameters Used in Calculating 
Premature Burnthrough Probability 
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Probability of 
Premature Boot 
Burnthrough 

Qor Number of Pooled 
Standard Deviations 
Between X R and Xq 

Xcy Boot Thickne 
in. (m) 

.001 

3.09 

.378 (.0096) 

.0001 

3-72 

.398 (.0101) 

.00001 

4.25 

.422 (. 0107 ) 

.000001 

4.75 

, 44 o (.0112) 

CVJ 

CO 

i 

o 
! 1 

5.86 

.450 (. 0114 ) 

(Design Nominal) 


Relation of Probability of Premature 
Boot Burnthrough to Boot Thickness 


Figure 5 
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Parameter 

X 

cT 

Source of g" 

Ejection Force (F e j), lb(N) 

Max. Chamber Pressure 
(P c ), lb/in . 2 (i/m 2 ) 

1 , 000,000 
( 4.45 X 10 6 ) 

750 

(5.17 X 10 6 ) 

171,000 

12.7 

* 

RSS combination of vari- 
ability of burning rate, 
propellant weight, web 
thickness, throat area, 
etc . 

Young's Modulus of 
Rubber (Eh), lb/in . 2 
(I/m 2 ) R 

81** 
( 5.59 X 

4.1 

io 5 ) 

Batch-to-batch variability 
of modulus of 10 batches 
of V -45 rubber at 300 ^ 
strain. 

Young's Modulus of 
Steel (E c ), lb/in . 2 
(i/m 2 ) S 

29,000,000 

(2.0 x 10 11 ) 

58,000 

Based on variability of Jo 
of basic chemical ingre- 
dients from heat to heat. 

Pad Thickness (t ), in. 
(m) P 

.30 

(.0076) 

.0087 

Total within sheet and 
between sheet C /x 
estimated from nine sheets 
of rubber. 

Shim Thickness (t„), in. 

/ \ b 
(m) 

.70 

(.0178) 

.0033 

l /6 of total drawing 
tolerance . 

Seal Radial Width. 
(Wp + W ), in. (m) 

4.00 

(. 102 ) 

. 0 i 4 i 

RSS combination of l /6 
of total drawing tolerance 
for both pads and shims . 

Poisson's Ratio of 

.4999 

* 

* 


Rubber (y ) 


* Values used in simulation runs were derived as functions of 

other input parameters, i.e., parameter does not vary independently. 

**The maximum value of 8 l was used instead of the nominal 75 to make 
the simulation results compatible with previous analysis. The results 
were not significantly affected. 


Shear Stress Simulation Input 
parameter Averages and Standard Deviation 


Figure 6 



Chamber Ejection Young's Young's Poisson's Pad Shim Radial 

Pressure, Force, lbs Modulus, Modulus, Ratio, Thickness, Thickness, Width, 

Run psia x 10 - 6 Steel x 10° Rubber Rubber in. P in. in. 
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Run No . 

Ejection 
Force, lb 
x io -6 

Maximum 

Chamber 

Pressure, 

psi 

Maximum 
Shear, psi 
(Element 1-36) 

Next Highest 
Shear, psi 
(Element 2-36) 


(N x 10 - 6 ) 

(N/m.2 x 10 - 4 ) 

(N/m 2 x 10-4) 

(w/m 2 x 10-4) 

1 

1.250 

768.8 

134.4 

95-0 


(5-55) 

(530) 

(92.7) 

(65.5) 

2 

1.134 

760.0 

118.8 

84.2 


(5.05) 

(524) 

(81.9) 

( 58 . 0 ) 

3 

1.082 

756.5 

111.1 

79-7 


(4.81) 

(521) 

( 76 . 6 ) 

(55.0) 

4 

.811 

735-9 

827 

59-9 


(3.6i) 

( 508 ) 

(57.0) 

(41.4) 

d 

J 

1.212 

773-7 

127.7 

91.0 


(5.40) 

(534) 

( 88 . 0 ) 

( 62 . 8 ) 

6 

.838 

738.0 

84.5 

61.5 


(3-73) 

(509) 

( 58 . 2 ) 

(42.5) 

7 

0 

ir\ 

746.3 

96.8 

70.6 


(4.22) 

(515) 

( 66 . 7 ) 

(48.6) 

8 

• 751 

731.5 

73-6 

53-3 


(3-34) 

(505) 

(50.7) 

( 36 . 8 ) 


Monte Carlo Simulation Results 


Figure 8 
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Probability of 
Shear Requirement 
Exceeding Capability 

(j) or Number of Pooled 
Standard Deviations Between 
X R and X c 

Pad Shear 
Strength.., psi 
Xp; (N/ m2 x 10' 

.01 

2.32 

200 ( 138 ) 

.001 

3.09 

230 (159) 

.0001 

3.72 

260 ( 179 ) 

.00001 

4.25 

287 (198) 

.000003 

4.32 

292 (202) 
(Design Nominal) 

.000001 

4.75 

325 (224) 


Relation of Probability of Maximum Shear 
Requirement Exceeding Capability to Pad Shear Strength 


Figure 9 
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I. ENGINEERING DRAWINGS 


Drawing No. Title 

1148903 Flexible Seal - 260-in. -dia Motor 

1148904 End Ring, Fwd - Conical, Flexible Seal 

1148905 End Ring, Aft - Conical, Flexible Seal 

1148906 Shim - Conical, Flexible Seal 

1148907 Pad - Conical, Flexible Seal 

1148993 Boot, Elastomeric - Conical, Flexible Seal 


II. SPECIFICATION 


Specification No. 


Title 


AGC-34463 

AGC-34230 

AGC-36592 

AGC-36420 


Compound, Natural Rubber 

Insulation, Butadiene Acrylonitrile, Unvulcanized 

Seal Assembly, Flexible, Fabrication of 

Insulation, Rubber, Butadiene Acrylonitrile, Auto- 
clave Cure Fabrication of 
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Drawing 1148904, End Ring, Fwd - Conical, Flexible Seal 
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Drawing 1148906, Shim - Conical, Flexible Seal 
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3. ~ Material, - The material shall be an elastomeric compound 
formulated and processed to the requirements specified herein. 
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4. 5 Qualification tests. - The qualification tests shall be conducted 
at an activity designated by AGC. Qualification testing shall consist of the 
following inspections: 
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AGC- 5 12 3 0 


1. SCOFF, 

1 I Scope. - 'l hi s 1 pec il’i i a ! Om covers two classes of synthetic- 
rubber insula, ion for mu la loci irom tilled butadiene-acrylonitrile 
copeiutier. 

(I.)) 1.2 C la s s ii icu ti< >n. - ihe material shall be classified according 

to the me til or! of packaging, as i..-llu\v.->. If no class is specified, 

AC i C - >4 2 ■> 0 - 1 ;•-]>! 1 re 


S u 1 1 i :< 


Class 


Designation 


- 1 I 

-2 II 


Rolls or sheets of unvulcanized stock 
separated by embossed polvethylone 
film. 

Rolls or sheets of unvulcanized stock 
separatee by unetn bossed polyethylene 
film. 


Each classification shall be a 4 tilled out by referencing the specification number 
plus the suffix number designating txe classification desired. Example: 

"Use material m ac cor dance with AGC- 542 10-1. " 


2. A PPI .1 CA RLE DOCL' MEN TS 

2. 1 Dt-p- rtmenf et Di-tons.- documents. - Unless otherwise 
specified, the fe-i lowing cnaum-nt,,, vf the issue listed in the Department 
of D»u eim o Inuex oi spec i: u ations and Standards in effect on the date of 
invitation for bids, shall form a part c>f this specification to the extent 
specified herein. 

SPECIF 1C A TION 

Fedc rr.i 

IT - T- ? 18 Toluol (for Use in Organic Coatings) 

S FA N DA R PS 

Feeler al 

Fed. Fast Method Rubber; Sampling and resting of 
Stu. No. tOl 
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At : C. - j4w A' 


Military 

MIL-STD- 1 05 Sampling Procedures and Tables for 

Inspection by Attributes 

MIL-STD- 1Z9 Marking for Shipment and Storage 

(Copies of documents required by contractors in connection with 
specific procurement functions should be obtained as indicated in 
the Department of Defense Index of Specifications and Standards.) 

Z. 2 Othe r documents. - Unless otherwise specified, the 
following documents, of the issue in effect on the date of invitation 
for bids, shall form a part of this specification to the extent 
specified herein. 

PUBLICATIONS 


Am e ri c a n Soc le ty for Testi ng a nd Materials 

ASTM C 177 Method of Test for Thermal Conductivity 

of Materials by Means of the Guarded 
Hot Plate 

ASTM D 865 Method of Heat Aging of Vulcanized 

Natural or Synthetic Rubber by Test 
Tube Method 


ASTM D 16-16 Method of Test for Viscosity and Curing 

C ha r a c t e r i s t : e s wi R j :> * - r by tne Shearing 
D i s u \ i s c -,) m e 1 r 



\!n U-. rials, leu ita.ee Street, Pnii.ieiei pnia j. i ) 


.*». 3 Aerojet -C :<..n r a 1_ C or p in 
othe raise .spet Hied. tt:u . t l l nj Uc-t 

-hall a purl o i tins spec.nca t ton 


ti i >:» n .. k a : : i -nt .- . - 

. 1 1 n l ri i , l > t li>' i • *. l c 

l.i > u x 1 1 * / 1 . s j) 


in ei to 
c e. herein. 


SPEC I PICA UiON 
AG C - Pl.t 7 d 


A<lhesi'.e. Rubber. Vui< .mixing 
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3. REQUIREMENTS 

3, 1 Qu'ili ficaf ion. - The material furnished under tins speci- 
fication shall be a product which has been tested and passed the quali- 
fication tests, specified herein. 

3.2 Preproduction.- The material shall be subjected to pre- 
production tests as specified herein. 

3.3 Unvulc anir.c d material . - The unvulcanir.ed material 
shall be in accordance with the following. 

3. 3. 1 Mooney viscosity. - The Mooney viscosity of the 
material shall not be more than SO for the first seven days after the 
date of manufacture. 

3. 3.2 Scorch characteristic.- The time required for the 
Mooney viscositv of the imaged material to increase five points above 
the minimum value shall not be less than 10 minutes for the first 
seven days after the date of manufacture. 

3.4 Vulcanized material.- The vulcanized material shall be 
in accordance with the following: 

(D) 3.4. 1 Unused material.- The unaged material shall be in 

accordance with the following: 




M in 

M a x 

(a) 

Specific gravity at 25 ° C 

1. 195 

1. 225 

(b) 

Shore ”A" hardness 

64 

80 

(c) 

Water absorption, wt'A 




(1) After immersion 

— 

0 . 7 5 


(2) After immersion and 

— 

0. 10 


drying 



(d) 

T ensi I e s i r on g ! h , p s i : 

2000 

— 


parallel with the grain 



(e) 

Elongation, 13, parallel 
with the grain 

45 0 

— 

(f) ' 

Laminar peel, lb /in.. 

1 25 

— 
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ACC- 34.2 JO 


>, 1. Z Aiicd material. - The aged material shall be in accordance 

with the sol lowing: 

Alia Max 


(a) 

Shore "A" hardness 

71 

85 

(b) 

L'dnsile strength, psi. 

2000 

— 


parallel with the grain 



(O 

Elongation. parallel 

O 

o 

— 


with the grain 


1.1. 1 i'hi final properties. - The vulcanized, unaged material 
shall ha \ v the following thermal properties: 











.Min 

Ma:; 




(a ) 


Thickness loss rate. 

in. / 

sec 




0. 

0055 




(b) 


Weight loss, g 




— 

3. 

0 




H ) 


Tile r ma 1 c onclnctivit 

x . Bt 

e. -ft 'hr 


— 

0. 

1 5 






' F It 1 ’ at i 50“ F 

m can 

temp 








(d) 


S j i e c i t i c h e :i t , B t u 1 1 

:> \F 

at 


0. 32 


— 






150 F mean temp 








3. 

1 

‘I . 

3. 1 

M 

i’emper.ature rise. - 

The 

time allow 

ed 

lor th.e 

unoxpd 

sed 

s u rfa. cc 

• w! 

; ? 

iie mate 

T* 

i<: 1 to reach the inoic 

at eci 

tempera to r 

e i 

shall be 

m 


a c c ore; 

anc 


•-v i 1 1 1 t h <. 


tol 1 .wing : 








I’h 

lie 

k r. e .- s . 

1; 

i. Tempi- rata re. 

'• F 

Minimum 

Tii 

tile, Set 

: 


('0 



0. Oh 

0 

2 00 


5. 5 





(h) 



0. Ou 

0 

3 00 


7. 0 





(c) 



0. 060 

4 00 


8. 5 






3. 


Shi ppii 

[■) <_ 

. di-.te. - The shippi 

ing da 

It: shall oe 

at 

1 Oil St s 

ix mo n; 

1: s 

p r i o r t 

o tl 

1 C 

e.\ ;n rat 

'•< 

m. c:,t ti.. (5.3 ha m: i 

). 







3. 

6 

St o rag 

0 

life. - Storage life 

OI the 

■ materia 1 

. Il'l 

ill he ci 

ght 


m out h s 

1 *- 

oil) cate o 

r 

mancaaeture. 








*> 

6 V 

1 Use 

1 

tie. - Use 1 L : o oi th < 

e in -at 

erial shall 

be 

tl t i CitS 

t six 


m on th. s 

f' ' 

■ i (. 

.i r to the 

t 

■xptraiien date. 
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AGC- 342 JO 

4. QUALITY ASSURANCE PROVISIONS 

4. I Supplier responsibility. - 

4, 1. 1 In -pod imp - Unless otherwise spe< ified. the supplier is 
re .• p> •r. i Sj j.-r the pt riunrujiu e of nil preproduction ■' > r » . ; nr<-»-i>tn r:« e *e..As 
j~p-u : : it o tie reiti . . r:j \ use utiv tucililto.-. acceptable to t in o p r-jt • . r mg 

t . : 1 . i t . 

U I.- I’r.a e ' sir.u c hi. nuns. - lhc supplier shall ma*e u a changes 
in proi e.-; sing let nnq :e.-» or • >u e.; r : : < t > r s aitecling Ine qua! u\ oi too 
product without prior approval the prorurirg teti vity. 

4. 1, 3 Prepr.'duction mmole. - A prepr oduci ion wa mule shall be 
taken in accordance with 4. 5 . Ihe lost shall be in accordance with 4 . 7 . 

4. 2 Lot sr/.c. - A Ir>t .-’nail consist of material produced in one 
continuous pian.ia tion run without Change in materials or process*, and 
offered for delivery .it one time. A lot s ha 11 not exceed 3000 pounds of 
material. Minimum in -ire shall be 200 pounds. Each lot is to be 
divided into roll.- of material. A standard roll shall be 2 30 pounds, maximum, 
3 o- inch nominal width. 

4. 3 Samplin'.:. - Sampling for examination, preproduction tests, 
and acceptance tests shall be in accordance with Mil. -S I’D- 1 05, Inspection 
Level [. I’he ucceptn ble duality level (AQL) shall be i. 0 percent ueiectivo. 
The unit of product shall he one roll of rubber. I.' he procedure for obia imne 
test sample.', x rom each, roll shall be as follows: 

(a) Discard the first two yards from the roll. 

(b) Cut a sample the full width of the roll, irom 
the mate rid l which immuciat ely follows, 
sufficient to prepare test coupons a s 
required. Do not remove the protective 
film. 

(c ) 'Trap the sample in a none onta minuting 

wrapper. 

(d) Complete a n identification lube! with the 
following miormatnm and ana ch it to the 
sample .■• r ,.ppe r : 

(1) Number a no revi.- ion letter « 1 this 
s pec iiication 

(2) Mate rx tl name or code number 

(3) lai number or i*. ? ch number 

(4) Sampling cate and time t.inen 

(5) Identification ot person taking the 
sample 
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4 g 1 lc-t < in, pun'-. - !'tir coujjon s 1 uj .11 he vai cut: ;z.ed at a 
i > r «.* .* iiirc ui 't'O p»»..n>..~ | »»• r -.-i a re. iiu li, s_agc (psiu). minimum, u» uqj 
tin- lollov m „ Male ate! I- n : ; »o :m It. r e : 

a i i - e ti e ‘csnperit iro-tu > 0 < > .+ p i 

\ 1 > 1 1 ) t < ; 1 i i w i l L tOlilph i’fl Ivi i O t. vj i 

coupon is made 
the grain directions 

4.3. 1. I Coupon thickness.- When the unvulcanized material 
is greater in thickness than the required test coupon, the vulcanized 
coupon shall be reduced in thickness in accordance with Standard Fed. 
Test Method St ii. No. 601, method 1111. 


4. 3. 1. 1 Ore. in orientation, - When the test 
from more than one 'aver of unvulcanized material, 
of all Layers shall be parallel. 



4.4 Examination.- Packaging, pa c: king , and marking of the 
material shall be inspected- for conformance with the requirements of 
3. 5 and section 3. 


1, a L.;o s it leu 1 1 on 


w L b . •' » ~ 
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4. 7 P r opr odt k ti on tests. - Preproduction tests shall be conducted 
at an a.- tie itv d >..■ s iv tw t : !»v the procuring activity, and shall c on i s l of tr.e 
following it' sis; 


{a ) Moone\ ' l •( o?i; y 

(b) Scorch ch.t ractr. rist i'c 


4.8 Acceptance tests.- Acceptance tests of individual lots 
shall consist . f tests to determine compliance with the following 
requirements of section 3: 

(a) Specific gravity 

(b) Shore "A" hardness (imaged) 

(c) Tensile strength (imaged) 

(d) Elongation (imaged) 

(e) Specific heat 

(f) Thickness loss rate 

(g) Weight loss 

(h) Shipping date 

4.9 T est m eth ods . - Testing lor qualification, ^reproduction, 
and acceptance shall be in accordance with (he methods specified below 
Samples to be tested for conformance with the requirements of aged 
material shall be aged at 212 ~ 2 ‘ F for 168 + 2 hours in accordance 


with 

Publica tion ASTM D 

865. 



C ha r a c t e r i s t i c 

Test Procedure. 

Hern arks 

(a) 

W a t e r a b s o r p t i o n 

4. 9. 1 


(b) 

Tens i 1 e s t r e n g t h 

Fed. Test Method 

Test temper 



Std. No. 6C1 , 

2° F after a 



method 4111, die III 

hours condit 

<c) 

E longat ion 

Fed , Test M e t hod 

Same condit: 



Std. No. 601 , 

method 4111 



method 4121, die III 


(d) 

Temperature rise 

■4 O y 


<4 

Mooney viscosity 

ASTM D 1646 

Test temper 




one -minute < 




minute test : 




rotor 

(f) 

S c o r c h c h a r a c ter- 

ASTM D 1646 

Small rotor; 


i s t : c 


300 • 1 ° F 

(g) 

Specific gravity ' 

Fed. Test Method 

Specimen si: 



Std. No. 601, 

temperature 



method 14011 


(h) 

Shore "A’ 1 hardness 

Fed. Test Moth od 

Test temper 



Std. No. 601, 

after a min . 



method 3021 

c olid it ; on in g 


7 3 . 4 + 


jars 
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Cha r a c te ri s ti '* 'lest Procedure 

R emar k s 

(i) 

Weight loss 4.9. 3 

• 

(j) 

Thickness loss rate 4. 9. -1 


(k) 

Thermal c endue- ASTM C 177 

Mean test temperature 


tivity 

150* F 

(!) 

Specific heat . 4. 9. 5 

Mean test temperature 
150* F 

(m) 

Shipping date 4. 4 


(n) 

Laminar peel 4.9.6 


(o) 

Storage life and 4.9.7 

, 


use life 


-1.9. 1 Water abso rption. - Water absorption shall be determined 

as follows: 

(a) Cut four samples 4 + 0. 030 inch (in. ) by 

1 + 0. 030 in. by 0. 25 + 0. 030 in. from 

a test coupon so that the 0.25-in. wide 
surfaces are all newly exposed. 

(b) Condition the specimens for a minimum 
of 24 hours at 7 5 + 5 r F and 50 f 5 per- 
cent relative humidity. 

(c) Weigh each specimen to the nearest 
0. 0001 gram (g). 

(d) Place the specimens in a suitable pres- 
sure test fixture. Separate the samples 
from each other and from the test fixture 
by stainless steel screens. 

(e) Fill the test fixture with distilled water 
at 7 5 + 5 C F. Close the test fixture, and 
connect to it the hose from a cylinder con- 
taining nitrogen at a minimum of 15 00 
psig. 

(f) Increase the pressure in the test fixture 
to 900 - l - 10 psig, and hold for 30 + 1 
minutes. 

(g) Release the pressure, disassemble the 


test ! 

fixture, a. ud r 

■amove t'r.e spin. 

: : i r, o 

n* . 

Plot 

the e 

xc e s s 

V. 

> to r from the s 

no c : : 

:n eras 

w i l h 

abso 

rbent 

pa : 

x-r and weigh e 

a.ch 

spec i 

men 

to tin 

e n e a r 

■os 

t 0. 0001 p. 



1-laci 

the 

s pee ’ 

nu- 

ns in a n a 

t la 

t> T _* ,v ’ . 

for 2 

40 + 

10 mi 

ll - , it 

0 2 : , M'llH'V 0 i : 

:• orn 

t !u’ 

o vc n 

and . 

;>] low 

to 

remain at 7 r > 4 

5" y 

and 

0 ->■ 

5 i >e : 

•ce nt 

re! 

at: vc humidity 

i or i 

\ i n i n : 

mum 

of 2 

4 Imu rs . 

iiv: as: a. in 

i c a c 

h 

k pe c : 

imen 

to till 


m-ert 0.0001 - 
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(j) Record ihe results as ■weight, percent 

increase, from the original weight, of 
the weights obtained in (h) and (i). 



h -C 

W (h) = 

x 1 00 

c 

W (j) = 

j ~ C x 100 
C 

Where: 

C - Original weight 


h -• Weight after immersion 
j = Weight after immersion and drying 

* 

4.9.2 Tcninerature rise.- The following procedure shall be 
used to determine temperature rise: 


4. 9. 2. .1 Test fixture.- Use a test fixture adjusted to produce 
the following: 


(a) Fix torch perpendicular to specimen. 

(b) Adjustable distance between torch- tip 
and sample face to 1 + 0. 030 in. 

(c) Manifold pressure regulation of oxygen 
and acetylene to 12.5 + 0.5 psig. 

(d) Acetylene flow of 0.58 + 0. 01 cubic 
feet per minute (cfm) and oxygen flow 
of 0. 57 + 0, 01 cfm. 

(el T in . •? control up to two minutes. 

(Q f orch-Lip No. 2 J 97* 548, Genera] Tire 
and Rubber Com pane, Akron. Ohio, 


1 Test.- The test shall be as follows: 

(a) The specimens to be tested shall be 

bonded to the metal backing, conforming 
to SAE 4130, with the adhesives types I, 
II, and III. described in Specification 
AGC-3427S, and shall be in accordance 
with the following: 


Specimen Dimensions 


Size of Specimen . In. Size of Meta! Pock inn , In. 


4 by 4 by 0. 060 thick Dia - 2 by 0. 020 _f 0. 001 thick 

+ 0. 003 steel disk 
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(b) Immerse a fiberboard i p I t- -• ? h. ’.dor, 

t if An appreuriate sine to contain the steel 
bucking plate, in water at room tempera- 
ture for 5 to 10 minutes. Remove from 
the water, blot off the excess, and use 
v. iihin one hour. 

(c) Assemble the specimen in the fiborboavd 
holder and position on the test fixture. 

(d) Secure a recording thermocouple in con- 
tact with the metal baching plate and place 
a damp 2 in. diameter specimen holder as 
a cap on top of the sample. 

(e) Ignite and lower the torch- tip to 1 + 0. 030 
in. from the upper surface of the upper 
plate, with the torch- tip at 90+5° to the 
plane of the plate. 

(f) Determine the time, to the nearest 0.2 
second required for the backside surface 
to reach temperatures of 200, 300, and 
•100° F, and record. 

4. 9. 3 Weight loss. - The following procedure shall be vised 
to determine weight loss: 

(a) Cut or mold a specimen of insulating 
material to a diameter of approximately 
2 by 0.25 -f 0,01 in. thick. Record this 
thickness as t Q . 

(b) Weigh the specimen to the nearest 0. 05 g 
and record this initial weight (WA. 

(c) Place the specimen in the specimen holder 
and position it in a tost fixture (4. 9. 2, 1). 

(d) With the test fixture adjusted in accordance 

with 4. 9. 2. 1. except that the torch shall be 
. . . * 
directed away from the specimen, ignite the 

flame and verify the adjustment of the mani- 
fold pressure and flow meters. 

(e) .Lower the torch- tip to the test position and 
allow to oscillate at 10 + 0. 25 cycles per 
minute through a oC 1 ’ arc. 

(f) At the end of 30 seconds, remove the flame, 
from the specimen, remove the specimen 
holder with sample from the test fixture , 
and cool them by immersing in a container 
of dry ice 
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(g) Weigh and record the fh..:l weight of iho 
sample (Wr) to the nearest 0.05 g and 
determine the weight loss as follows: 

w = w i - \v £ 

Where* W = Weight loss, g 
W £ - Initial weight, g 
Wf = Final weight, g 

4.9.4 Thickness loss rate.- The following procedure shall 
be used to determine thickness loss rate. 


(a) 

(b) 

(c) 


After weighing the specimen in 4.9. 3 (g), 
saw the specimen in two on a line that cuts 
through the approximate center of the 
eroded area. 

Measure to the nearest 0.01 in,, on the 
face of the cut, the minimum thickness of 
virgin material (t v ) (see figure 1). Record 
the average of three determinations. 
Calculate the thickness loss rate as follows: 


T LR , in. / sec = 


~ t. 


Where: t Q = Original thickness of sample, in. 

t v = Minimum thickness of virgin 

material left after exposure, in. 

E = Exposure time, seconds 

4. 9o 5 Sp ecific heat. - Specific heat shall be determined in a 
c lie.n ge - of- pha s e calorimeter, rhe specimen, prepared by 1'im inatin g 
one sheet from each sample roll and cured in accordance with 4.9.6- 
to form a composite (weight W) shall be heated to a temperature (Ti) 
and then placed in a vaporising medium of Freon 114 maintained at a 
constant temperature (Tg). 

Calculate the specific heat m accordance with the following equation: 

T 1 + T 2 _ h v ^ 

2 IVU'i - Tv) 


S 
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t 


o 



Exposed Surface 
1 



Degraded Layer 


Virgin Mate rial 
•'’Backside Surface 


TEST SPECIMEN AFTER EXPOSURE 
TO OX Y -ACETYLENE FLAME 
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.-u.c:- < jO 


W he r e . h 

v 

ni 


W 

Tl 


The heat of vaporisation limitation 
of F rcon 111, BTU /lb 
The amount of Freon 114 passed 
off as gas (corrected for normal 
environmental losses), lb 
Weight of the specimen, lb 
Temperature of the specimen, °F 

Temperature of the Freon 114, ° F 


4.9.6 Laminar peel.- An even number of 12-inch-long pieces 
of unvulcanised rubber shall be freshened on both sides with toluol, in 
accordance with Specification TT-T-548. The freshened pieces shall 
be laminated to nominal 0.5 in. thickness, rolling the adr from between 
the layers. Release the plies with polytet rafluorocthylene for a distance 
of 6 in. from one end and with the same number of sheets of rubber on 
both sides. Cure for 2 + 0. 1 hours at 300 + 10° F and 500 pounds per 
square inch pressure, minimum. Cut approximately one-inch- wide 
strips from the cured laminate. Determine laminar peel at 180° peel 
and 20 in. per minute cross-head speed. 

4.9.7 Storage life and use life.- The unvule ani r.ed , calendered 
material shall be stored in a clean, dry container, in a dark, dry area 
at a temperature not exceeding 80° F for the specified time; and upon 
vulcanizing shall be tested for, and meet the requirements of, 3.4. 


5. PREPARATION FOR DELIVERY 


5. 1 Packaging.- The material shall be packaged in rolls or 

flat sheets. The material used in packaging shall not stick to the 

material when stored for extended periods or leave residue on the 
material that would affect the usability of the material. 

rial. - Rolls or sheets of unvulca ni zed 

■ .2 1 tl hi:;.. - C -ui -.i; e ;>.<• . e.- -n.Ti .a' hen cy c .tlci 

p«i j'm • " ■ . t e ; i •! i i > r v c . c i i : . . ■ i : . e - . L 1 4 • ■ r • ' • i * . ) ■ e • l < • : . 

m.> ‘ • r i 1 1 she. ! i :-c • r. ■. i . , : e. ; .e r ; . > in.. : , •• r i r -n < >• a • < : ; e . . no 

s,i : i- d : ! i \ • • r •. . i . • ■ . ■ > : r . t • . * point «•? «:< i . -is. . . : . i . *v tr. c 

pure ha. >e order or cor.t raft 
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5 V; • : s'sha!' bo ? r't vd in i». vt- -•i...nce 

I ’-"'i \ ! P n . D- 1 .T‘. M • rh :r.<; shall include, but not bo limited 


to, tar tvjliviv.--.:i !4 !i!:or:r o-on: 


(a; Manufacturer's name 
(b) V itoria] tr .do name 

(o) I. 't number 

(d) Tiic number and revision letter of this 

S T5v, k L* 1 ’ 1 C < v 1 1 C>!1 

{<’) No? Wei'dlt 

Date of manufacture 
U'-e life and expiration date 
D tte of shipment 


(0 

U) 

(h) 


{{) Class of material 

( i) flic following statement 


This materia! shall be s 
.dry container in a dark, 

torch in a clean, 
dry area. 

Store qe T em.pe ratnre , 

S t o r a e T i rn e , 

' F, max 

Months 

80 1/ 
i 

6 

■1/ ilfd-. of the time may 

be above 80° F but 

! i below ICO 0 F 

i 


6. NOTES 


t o 


ter.J 

• : use. - The material described herd: 

1 1 

s inten do 

n :>U 

ma terra! in rocket motors. 



rde r 

iiu; oati. - Procurement documents shoe. 

Id 

specify , 

■ o d * 

■ the following Information: 



(a) 

Number and revision letter of this 




soeciF cation 



V>) 

k y;.)c and sire of container desired 



(••> 

Place of ins nee. ion 



(d) 

Minimum lot size, if applicable 



(*-) 

Place of delivery 



(f) 

Request for three copies of la bo rat or v 

a: 

a a 1 y s i s 


of preproduction and acceptance test r 

eq 

■ ’ ' re- 


meats 



(«) 

Class of material 




Page 28 



Appendix B 


AGC- 34230 

ti. 3 Stor.-me conditions. - The unvulcanized, calendered material 
should he stored m a clean, dry container, in a dark, dry area at a 
temperature not exceeding 80* K, except 20 percent of the storage life may 
he below UHL F. The material should be discarded after the expiration date. 

b. 3. 1 Storage life. - Storage life of the unvulcanized material is 
defined, as the time after manufacture during which the material, stored in 
accordance with c.. 3, upon vulcanizing will meet the requirements outlined 

in 3. 4. 


6. 3. 2 Use life. - Use life of the unvnlcarii/.ed material shall be 
defined as the time after shipment, during which the material stored in 
accordance with u. 3, upon vulcanizing, will meet the properties outlined in 
3, T. 


ts. 4 Deleted. 

b. => Qu ilification. - Proou rement contracts will be awarded only for 
such products liv.t, prior to the dosing cate tor receipt ol quotations, have 
been tested and approved tor inclusion on the applicable Qualified Products 
List. The attention of upniier s is called to this reqm foment, and they are 
urged to have the products that tnev propose to offer to Aerojet Solid 
Propul-ion Company tested for qua urination, in order that they may be eligible 
to be u warden contract- r or the protracts covered by tins specification. The 
activity r < ■ - pm: i bl e lor the Qualified Protracts List is the; Aerojet Solid 
Propulsion Coi^p.mv, Sacrament >, California, ^8 1 .3 ; anti iniormation 
pertaining to qaali.iitv.tiun of protuu t» max be obtained lrum that activity. 
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^aSSSBBKT"*. 

// AFRO JET 

if rvyr *-••--*»»•• 

\V GENERAL ,/ 

'^’i'QaasBa^ 


AEROJET-GENERAL CORPORATION 

CODE IDSNT. NO. 13310 


AGC-36420A 
Amendment 1 
7 July 1964 


DEVELOPMENT SPECIFICATION 

INSULATION, RUBBER, BUTADIENE ACRYLONITRILE, 
AUTOCLAVE CURE FABRICATION OF 


This amendment forms a part of Aerojet-General Corporation 
Development Specification AGC-36420A. 


Paragraph 3 3. -1. 1, Table I Delete and substitute: 
«• Table I 


Autoclave Cure Cycle 


Vulcanisation 

Tempera tur e 

° F 


Hold Period 
Min 

(Minutes ) 


Autoclave 

Pressure, Vacuum in Blanket, 
Min (p$i:«) Min ( In. of Hg Vac) 


180 + 5 

180 

100 

20 

Z 2 0 + 5 

125 

100 

20 

.310+5 

125 

100 

20 

150 

“ “* — 

50 

20 



Authorized for Role 

as e : 



Specifications and Standa 
Solid Rocket Operations 
Sacramento Plant 


r d s 
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AEROJET-GENERAL CORPORATION 

CODE IDENT. NO. 13310 

AGC-36420A 
10 February 1964 
Superseding 
AGC- 36420 
3 F ebruary 1964 

DEVELOPMENT SPECIFICATION 

INSULATION, RUBBER. BUTADIENE ACRYLONITRILE, 
AUTOCLAVE CURE FABRICATION OF 

1. SCOPE 

1. 1 This specification establishes the requirements for 
fabrication of autoclave-cured butadiene acrylonitrile rubber insulation. 

2. APPLICABLE DOCUMENTS 

2. 1 Department of Defense documents.- Unless otherwise 
specified, the following document, listed in the issue of the Depart- 
ment of Defense Index of Specifications and Standards in effect on the 
date of invitation for bids, shall form a part of this specification to 
the extent specified herein. 

SPECIFICATION 

F cderal 

TT-M-261 Methyl- Ethyl-Ketone (for Use in 

Organic Coatings) 

(Copies of documents required by contractors in connection with 
specific procurement functions should be obtained as indicated in 
the Deuartment of Defense Index of Specifications and Standards.) 
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2„ 2 Other documents. - Unless otherwise specified, the 
following document, of the issue in effect on date of invitation for 
bids, shall form a part of this specification to the extent specified 

herein. 

SPECIFICATION 

Department of the Navy- 
Bureau of Na val Weapo ns 

WS 1138 Insulating Mate rial. Butadiene 

Acrylonitrile , Unvxilcanir.ed 

{Copies may be obtained from the procuring activity or as indicated 
by the contracting officer.) 

2.3 Aerojet- General Corporation documents .- Unless other- 
wise specified, the following documents, of the latest issue in effect, 
shall form a part of this specification to the extent specified herein. 

SPECIFICATION 

AGC-34151 Adhesive, Epoxy Paste with Amine 

Curing Agents 

STANDARD 

AGC-STD-3003 Chemicals and Materials: Sampling 

and Testing 

Method 

907 3 Spark Test, Chamber Insulation 

9074 X-Ray Inspection , Chamber Insulation 

3. REQUIREMENTS 

3. 1 Mat e rials. - The following materials, or equivalent, 
approved by the Aerojet-General Corporation (AGO), shall be used: 

(a) Methyl-ethyl-ketone, technical grade (MEK) 
conforming to Specification TT-M-261. 

(b) Chlorothene NU (DOW Chemical Co. , 

Midland, Michigan) 

(c) Insulating materia.1 conforming to Specifi- 
cation WS 1138, class 1, except that the 
bondabiiity requirement is waived. 
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(d) Insulating material conforming to 
Specification WS 1133, class Z, 

(e) Adhesive prepared by dissolving ZZ parts 
by weight of insulating material, con- 
forming to Specification WS 1138, class Z, 
in 7 8 parts by weight of MEK. 

(f) Germax cure-accelerating agent (The 
Goodyear Tire and Rubber Company, 

Akron, Ohio) 

(g) Insulating material conforming to Speci- 
fication WS 1138. class 1, modified with 
Germax cure-accelerating agent (The 
Goodyear Tire and Rubber Company, 

Akron, Ohio) 

(h) Insulating material conforming to Speci- 
fication WS 1138, class Z, modified with 
Germax cure-accelerating agent (The 
Goodyear Tire and Rubber Company, 

Akron, Ohio) 

(i) Adhesive, in accordance with Specification 
AGC-34151, type I. 

(j) MR-ZZ release agent (Penninsular Chemical 
Products, Grand Rapids, Mich.) 


3.2 Tools.- The following tools, or equivalent, approved 
by AGC, shall be used: 

(a) Gloves, cotton, lint free 

(b) Cloths, cotton, clean 

(c) Rollers, steel, Z. 0 inches (in.) wide, maximum 

(d) Stitchers, serrated or knurled steel faced, 

0.5 in. wide, maximum 

(e) Hypodermic needle 

(f) Awl 

(g) Emery cloth, 40 to 80 grit 

3, 3 Fab r icati on. - 

3. 3, 1 Mold preparation. - 

3. 3. 1. 1 Clea ni ng, - The building mold shall be cleaned so 
that it is free of ai l foreign matter by wiping with a cloth wet with chloro- 
thene NU. Allow the mold to dry until all traces of chlorothene NU have 
evaporated. 
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3. 3. 1, 2 Mold rele ase applica tion. - If a mold release agent is 
deemed necessary, the surfaces of the mold. to which the unvulcanized 
insulation material is to be applied shall be coated with MR-22 release 

agent. 

3.3.2 Insul at ion layup procedure . - The following procedure 
shall be used to layup the insulation material: 

(a) The layup shall be made with multiple plies 
of patterned pieces cut from insulation 
material conforming to Specification WS 1138, 
class 1 or class 2. The patterned pieces 
shall be cut from material that is free of all 
defects such as wrinkles, voids, dclamina- 
tions, or foreign matter. 

(b) The edges of the patterned pieces shall be 
skived or scarfed at an angle of 25 + 5® to 
the surface of the pieces. 

(c) All surfaces and edges of the unvulcanized 
patterned pieces that are to be mated shall 
be scrubbed with clean cloths that are 
dampened with MEK. Care shall be exer- 
cised in all subsequent operations to prevent 
contamination of the scrubbed edges and 
surfaces. The surfaces of the unvulcanized 
material shall be buffed with a wire brush 
within 72 hours before, or immediately after, 
scrubbing with MEK. 

(d) The scrubbed, patterned pieces shall be used 
in the layup within four hours, but not until 
all traces of MEK have evaporated. 

(e) Assemble the first layer of the insulation 
pieces in the mold, using steel rollers having 
a width of no more than 2 in. , to excel all air 
from between the patterned pieces and the 

m o Id . 

(f) Stitch the joints between pieces with steel- 
faced rollers having a width of no more than 
0. 5 in. 

(g) If an air bubble exists that is too far from the 
edge of an. insulation piece to remove with a 
roller or stitcher, use a hypodermic needle or 
awl to puncture the insulation material at. as 
small an angle to the insulation surface as 
possible. Remove the trapped air and stitch 
the area of the puncture thoroughly. 
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(h) Repeat .steps (c) through (g) until the 
required layup thickness is obtained. 

(i) The distance between joints or splices 
of the patterned pieces in adjacent plies 
shall be 2 in. , minimum. 

(j) The patterned pieces arc to be placed in 
the mold in such a manner that the largest 
pieces are used in the last ply placed on 

' the layup. 

3.3.3 V acuum blanket proccdnr e . - 

3. 3. 3. I Bleede r cloth . - , The outermost ply of the layup 
shall be completely covered with a bleeder cloth ply. The bleeder 
cloth material is to be cut into patterned pieces and placed over the 
layup in such a manner that there are no wrinkles in the cloth. Square 
woven cotton, nylon, or fiberglass fabric is to be used for the bleeder 
ply. The cloth shall be coated with a release agent which will facili- 
tate removal of the cloth after vulcanization of the insulation material, 
without contaminating the material surface. 

3. 3. 3. 2 Vacuum blanke t. - The layup and the bleeder ply 
shall be completely encapsulated in a vacuum blanket of natural or 
butyl rubber, 1/8 to 3/16 in. thick. At least one vacuum port is to 
be installed in the vacuum blanket. It shall be so located and con- 
structed that the bleeder cloth and unvulcanized insulation material 
will not be drawn into the port opening. 

3. 3. 3.3 Evacuation.- A vacuum of 20 in. of mercury, mini- 
mum, shall be applied at room temperature to the unvulcanized layup 
for four hours, minimum. Any detectable leaks in the assembly shall 
be repaired prior to vulcanization. 

3. 3. 4 Vulcan ization . - 

3. 3.4. 1 A utoclave c ur e cycle .- The insulation material shall 
be vulcanized under the conditions specified in table 1, The vulcaniza- 
tion temperatures must be maintained at the center of the thickest 
portion of the insulation material for not less than the specified hold 
period. The maximum temperature of the heating media shall not be 
more than 25° F above the reouired vulcanization temnerature. 

* A 
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Table I 



Autoclave Cure Cycle 


Vulcanization 

Hold Period 

Autoclave 

Vacuum in Blanket, 

Tempe rature 

M in 

Pressure , 

Min (in. of Hg Vac) 

(* F) 

(Ft in ute s) 

Min (psig) 


180 + 5 

180 

100 

20 

310+ 5 

125 

100 

20 

15 0 

— 

50 

20 

3. 3.4. 2 

Cure cycle verific 

ation.- Each autoclave cure cycle 


shall be verified by including a test block of insulation material con- 
forming to Specification WS 113S, class 1, with each insulation com- 
ponent during vulcanization. The test block shall have a thickness equal 
to, and a width greater than, the maximum thickness of the component 
being cured. The tost block shall be prepared so that it is exposed to 
the same conditions as the insulation component during vulcanization. 
Thermocouples located at the center and at other positions inside the 
test block shall be monitored and the temperatures recorded through- 
out the cure cycle. The test block shall be sectioned after completion 
of the cure cycle. The Shore "A" hardness at any point in the test block 
shall be 74, minimum. 

3. 3. 4. 3 Moisture test c oupon . - Included with each insulation 
component during autoclave curing shall be a 2 in. by 1 in. by 0.5 in. 
coupon of insulation material. Following completion of the cure cycle, 
the coupon shall be tested to determine the weight loss which occurs 
during a 12-hour exposure to dry air in an oven at 212 f 10’ F, If a 
coupon weight loss of greater than 0.7 percent is obtained, the corres- 
ponding insulation component must be dried by a 12-hour exposure to 
dry air at 2l2 + 10* F. 

3. 4 Finishing . - 

3.4. 1 Trim ming . - After vulcanization, the insulation com- 
ponent shall be trimmed to the final dimensions in accordance with the 

applicable drawing. 

3.4.2 Cl eaning and abrading. - After removal from the mold, 
the insulation component shall be cleaned by wiping with a clean cloth 
dampened with MEK. Bonding surfaces shall then be abraded with 
40 to 80 grit emery cloth and cleaned by wiping with a clean, dry cloth. 


Page 40 



Appendix B 


Aerojet-General Corporation 
AGC-36420A 


3. 4. 3 Finished pa rt accept ance. - A finished part is acceptable 
with surface imperfections measuring up. to 1 0 percent of the part thick- 
ness if this 10 percent dimension does not exceed 0. 1 0 in. The final 
thickness, as measured from the bottom of the imperfection to the other 
surface, cannot be less than the minimum applicable drawing; require- 
ment. A finished part is one which has been cured, or cured and 
trimmed, to final dimension. 

3.4.4 R e pa i r a - Other imperfections shall be repaired as follows: 

3. 4. 4.1 Preparation of repair area . - The area of the imper- 
fection shall be prepared as follows: 

(a) Scrub defective area with a clean cloth 
dampened with MEK. The cleaned area 
shall include the area up to at least 1 in. 
from the edges of the defect. 

(b) Allow the area to dry until all traces of 
MEK have evaporated. 

(c) If the condition is a cut, gouge, or 
depression, all defective portions of the 
part in the area of the condition shall be 
removed by abrading with 40 to 80 grit 
emery cloth, 

(d) If the condition is a blister, cut away 
the blistered surface. Remove all 
defective portions of the part in the area 
of the void by abrading with 40 to 80 grit 
emery c loth. 

(e) If the defect is an inclusion, cut away 
only the material necessary to remove 
the inclusion from the nearest surface, 

(f) Remove enough material to facilitate 
layup of the repair material. The 
cavity shall be faired to an angle of at 
least 43° to the face of the part and 
abraded with 40 to 80 grit emery cloth. 

(g) Scrub the area of the part which was 
abraded in (c), (d), or (f) with a clean 
cloth dampened with MEK. 

(h) Allow the area to dry until all traces of 
MEK have evaporated. 
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3. 4. 4. 2 Repair methods, - Layup and cure of material in the 
prepared area shall be accomplished by one of the methods outlined 
below. AGC approval of the repair method to be used must be received 
by the supplier prior to initiation of any repair procedure. 

3. 4. 4. 3.1 Air - curing method . - The procedure for completing 
the repair by the air-curing method shall be as follows: 


(a) 


(b) 

(c) 

(d) 


(e) 


3 4 4 '> 2 

o * * I * »_■ * 

pic ting the repair 


Mix 100 parts by weight of the adhesive 
specified in 3. 1 (e) with 2. 5 parts by 
weight of Germax cure- accelerating agent. 

Apply a minimum of two coats of the 
adhesive to the abraded area of the part. 

Dry the adhesive coat until all traces of 
MEK have evaporated. 

The adhesive-coated area of the part shall 
be filled with plies of insulation material 
to which Germax cure- accelerating agent 
has been added. Parts fabricated from 
material conforming to Specification 
WS 1138, class 1, shall be repaired using 
the material specified in 3. 1 (g). Parts 
fabricated from material conforming to 
Specification WS 1138, class 2, shall be 
repaired using the material specified in 
3. 1 (h). The repair material shall be pre- 
pared and laid in place according to the 
layup procedures in 3. 3, 2. 

Cure the repair area under a vacuum of 
24 in. of rnercurv, minimum, for two 
hours, minimum, at 190* F, minimum, or 
cure under a pressure of 10 pounds per 
square inch (psi), minimum, for two hours, 
minimum, at 190° F, minimum. 

He ati n g iron, cure met hod. - The procedure for com- 
by the heating iron method shall be as follows: 


(a) Apply a minimum of two coats of the 
adhesive specified in 3. 1 (e) to the 
abraded area of the part. 

(b) Dry the adhesive coat until all traces 
of MEK have evaporated. 
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(c) The aclhesivo-cortted area shall be filled 
with plies of material of the same speci- 
fication as the part. The repair material 
shall be prepared and laid in place accord- 
ing to the layup procedures in 3. 3. 2. 

(d) The repair shall be cured by use of a heat- 
ing iron at a temperature of 300 + 10° F. 
under a pressure of 1 0 psi, minimum. 

The required cure time is given in table II. 


Table II 

Heating Iron Cure Times 


Depth of Cavity 

(ijO 

Up to 1/8 in . 
1/8 to 1 / 4 
1 / -I to 1 / 2 
1/2 to 3/4 


Min Cure Time 
(Hours) 

2.5 

6 

8 

12 


3, 4. 4. 2. 3 Precured repair method.- The procedure for 
completing the repair by the precured method shall be as follows: 

(a) Obtain 0. 030 and 0, 080 in. thick patches 
of cured insulation material of the same 
specification as the part to be repaired. 

(b) Prepare the patches for layup according 
to the procedures of 3. 3. 2. 

(c) Prepare the adhesive specified in 3. 1 (i) 
by mixing four parts by weight of the 
Part A paste with one part by weight of 
the Part B curing agent. 

(d) If the depth of the abraded area of the 
part is less than 0. 080 in. , the surface 
of the abraded area shall be coated with 
the adhesive. An 0. 080 in. thick patch 
prepared as in (b) shall be placed over 
the defect, without trappdng air' beneath it. 

(e) If the depth of the abraded area of the part 
exceeds 0. 080 in. , the defect shall be 
filled with 0. 030 and 0. 080 in. thick patches 
prepared as in (b). Each piece of cured 
material is to be bonded to the part and to 
the adjacent pieces with the adhesive of (c). 
Care shall be taken to avoid trapping a.ir 
between plies. 
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(f) The repair shall be cured for six hours, 
minimum, at 90 0 F , . minimum , and 10 
pounds per square inch, gage, minimum. 

A check sample of the mixed adhesive 
shall be exposed to the same temperature 
environment as the repair area during 
curing. The cure cycle is not to be termin- 
ated until the adhesive sample has cured. 

3. -4. 4. 3 Fi nishing th e repair area . - The material in the 
rcnair area shall, if necessary, be ground after cure so that the 
surface of the repair material is flush with the adjacent material 

s a i f a ce . 


3.5 Dimensions.- The insulation part shall conform with 
the dimensional requirements of the applicable drawing. 

3.6 Insulation defects. - 


(a) There shall be no holes in the cured boots 
and cylindrical section insulation when 
spark tested in accordance with 4. 1. 1.4. 

(b) 'I' he cured cylindrical section insulation 
shall have no holes, blisters, or cuts 
deeper than 10 percent of the part thick- 
ness, no thin areas less than 0. 10 in. 
thick, and no foreign material, except 
asbestos agglomerates. 

(c) The forward, aft, and nozzle insulation 
components shall show no voids or 
delanvinations when X-rayed in accor- 
dance with 4. 1. 1. 4. 

4. QUALITY ASSURANCE PROVISIONS 

4.1 Fab ricato rs res ponsibil i ty . - The fabricator shall be 
responsible for the performance of all the processing and inspection 
requirements as specified herein. The fabricator may utilize his 
own or any other inspection facilities and services acceptable to the 
procuring activity. Processing records and inspection records shall 
be kept: complete and available to the procuring activity. 

4. 1. 1 Inspection during process. - The fabricator shall 
establish and maintain inspection at appropriately located points in 
the process to verify compliance with the requirements of section 3. 
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4 , 1 . 1 . 1 

3. 3 0 4. 2 shall be 
component being 


Cure cyc le veri ficat ion. - Test blocks required in 
so identified as to permit positive traceability to the 
cured. 


4. 1,1. 2 Moistur e tes t. - Test coupons required in 3. 3. 4. 3 
shall be weighed to the nearest 0,001 gram before and after 1 2 -hour 
oven exposure, and weights recorded. Test coupons shall be so 
identified as to permit positive traceability to the component being 
cured. 


4. 1. 1. 3 Precu r ed repai r. - The check sample of mixed 
adhesive employed to determine cure time in 3.4.4, 2.3 (f) shall be 
considered to be cured when the sample is solidified. 

4. 1. 1.4 Tests for insulation defects. - The following tests 
shall be employed to determine the location and acceptability of 
insulation defects: 

(a) Spark tests in accordance with Standard 
AGC-STD- 3003, method 9073. 

(b) X-ray in accordance with Standard 
AGC-STD- 3003, method 9074. 

4. 1.2 Proc essing c h a n g e s . - The supplier shall make no 
changes in processing techniques or other factors affecting the quality 
of the product without prior approval of Aerojet -General Corporation. 

5. PREPARATION FOR DELIVERY 

5. 1 This- section is not applicable to this specification, 

6. NOTES 

6. 1 This section is not applicable to this specification. 


Authorized for Release: 



J. H, Y etto, Manager 


Specifications and Standards 
Solid Rocket Plant 
Sacramento 

THIS DOCUMENT AND THE INFORMATION CONTAINED HEREIN IS NOT TO BE REPRODUCED, USED CK 
DISCLOSED TO ANYONE WITHOUT THE PERMISSION OF THE AEROJET-GENERAL CORPORATION: EXCEPT 
THAT THE GOVERNMENT HAS THE RIGHT TO REPRODUCE, USE, AND DISCLOSE FOR GOVERNMENTAL 
PURPOSES (INCLUDING THE RIGHT TO GIVE TO FOREIGN GOVERNMENTS FOR USE AS THE NATIONAL 
INTEREST OF THE UNITED STATES MAY DEMAND) ALL OR ANY PART OF THIS DOCUMENT AS T O WHICH 
AEkOJE l -GENERAL CORPORATION IS ENTITLED TO GRANT THIS RIGHT. 
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Figure 3 duo'ner not Bonded to Steel 
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| QED NO. 

LRU- 102 


QUALITY ENGINEERING DIRECTIVE 


DATE 


AUTOMATED ULTRASONIC INSPECTION (C SCAN) 
OF ELASTOMERS FOR EVALUATION OF INTERNAL 

DEFECTS 




. MANAGER, 

J /PFrODUCT ASSURANCE DEPARTMENT 


13 April 1970 


SUPERSEDES 


1. SCOPE 

This procedure defines the use of one type of pulse-echo ultrasonic equipment to detect internal 
voids and delaminations in the sheet rubber components for use in the 260" Flex-Seal. 


2. EQUIPMENT 


Curtiss-Wright Immerscope, Model 424D 
Alien Helix Recorder, Model 319CA 
Automation Industries Ultragraph, Model 1047 

Immersion Tank with Bridge and Carriage - Automation Industries 

Plexiglass trays (54" x 18" x 3") with supports for mounting in Immersion Tank 

15 Me, medium focus Lithium Sulfate Transducer, 0.75" diameter 

Distilled Water 

Fotoflow Solution 

Standard Samples - 6" x 6" (2) 

PROCEDURE - SETUP AND OPERATION 


a. Turn on power supply to Immerscope and Ultragraph. Allow 15 minutes for warm-up. 
h. Set controls as follows: 

Immerscope 


Frequency 2.25 

Pulse/sec 400 

Gain 100 

Zero suppress Off 

ST C Off 

Coarse sweep F 

Fine Sweep Minimum 

Marker Off 

Alarm Off 

Auto sweep Off 

Range marker Off 


Ultragraph 


Level 
Contrast 
Gate delay 
Gate width 
Intensity 

Set for positive recording 
Bridge and Carriage 


Lines/ inch 

Bridge speed 

Helix 

Carriage 

Carriage speed 

Vert. & Rotary Drive 


8 o'clock 
4 

12 - 12.5 
17 

Adjust as required 


44 
42 
On 
On 

45 

Off 
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